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ABSTRACT 
_________________________________________________________________ 
 
For many years now, South Africa has been facing water crisis. Availability of clean 
water is lacking, and human population increases every year. Available water is 
contaminated with variety of pollutants such as microbials, organic and inorganic 
pollutants. This is because of increased industrial and agricultural practices to 
satisfy the growing population demand. 
Organic pollutants are prominent due to high agricultural production whereby 
pesticides and fertilizers are applied to optimize product output. Pesticides are of 
huge concern due to their persistence and toxic behaviour in the environment. They 
are found in rivers and ground water streams after application in the field via run-off 
or seep into ground. 
Chlorpyrifos is an organophosphate pesticide widely used to control pest. 
Chlorpyrifos has been detected at high levels in water in Western Cape of South 
Africa. Department of Agriculture in South Africa banned its use as an ingredient in 
domestic products and pesticides in 2010 but it is still detected in the environment. 
Chlorpyrifos is an endocrine disrupting chemical, nerve agent and causes dizziness. 
This pollutant can enter human body by ingestion, dermal adsorption or inhalation. 
The WHO limit of chlorpyrifos in water is 30 μg/L. 
Several methods have been used to remove chlorpyrifos and other pollutants in 
water such as biological treatment and advanced oxidation processes. Advanced 
oxidation processes are regarded as safe and efficient pollutant removal, removing 
a variety of pollutants in water. This is due to utilization of highly reactive species 
such as hydroxyl and superoxide radicals, known for their rapid and indiscriminative 
behaviour towards organic compounds resulting in a complete mineralization. 
Photocatalysis which is a semiconductor-based method emerged as a promising 
organic pollutant removal method. 
Tungsten trioxide (WO3) has been extensively studied for degradation of heavy 
metals and organic pollutants. But suffer from photogenerated charge 
vi 
recombination. To curb that, doping has been used with metal/non-metal dopant 
and by formation of heterojunction with another semiconductor catalyst to name a 
few.  
In this study, WO3 was successfully synthesized using a hydrothermal treatment 
method. It was further modified with Mn2+ ion and SnS2 to improve its photocatalytic 
activity towards chlorpyrifos degradation by formation of Mn-WO3/SnS2. Mn-
WO3/SnS2 was formed with rectangular shapes confirmed through HRTEM and 
FESEM. A mixture of monoclinic and hexagonal phases was identified using XRD, 
Raman and SAED indexing.  
The optical and electrochemical properties of Mn-WO3/SnS2 were studied using 
EIS, PL and UV-Vis-DRS. Low emission intensity corresponding to less charge 
recombination, smaller semi-circle diameter corresponding to less charge transfer 
impedance and high visible light absorbance wavelength (582 nm) were observed 
in comparison to those of WO3 (466 nm), Mn-WO3 (472 nm), SnS2 (512 nm) and 
WO3/SnS2 (572 nm).  
Mn-WO3/SnS2 displayed good stability and increased surface area (77 m2/g) 
compared to WO3 (6 m2/g). The materials were mesoporous as determined by BET 
analysis with pore volumes in the range of 0.02 to 0.07. Except SnS2 which 
displayed porous adsorbent properties. 
The Mn-doped composite (Mn-WO3/SnS2) nanoparticles displayed high efficiency 
for the degradation of chlorpyrifos in synthetic water samples within 60 minutes. 
UHPLC-MS-MS was used to evaluate the concentration of chlorpyrifos and deduce 
the degradation pathway. Mn-WO3/SnS2 degraded up to 95% chlorpyrifos removal 
compared to 50, 65, 75, and 85% using WO3, Mn-WO3, SnS2 and WO3/SnS2 
respectively. 
After optimization of conditions such as pH, initial chlorpyrifos concentration and 
initial photocatalyst loading, 100% chlorpyrifos removal was achieved at pH 7, 1 g 
of nanoparticles and 1000 ppb of chlorpyrifos concentration. The complete 
degradation of chlorpyrifos and its major degradation by-product TCP was achieved. 
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TCP was completely degraded to innocuous materials. Kinetic studies were 
deduced to a second order reaction at 209x10-3 M-1s-1. 
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CHAPTER 1: 
INTRODUCTION 
 
1.1 Problem statement 
 
Industrial and agricultural activities are one of the main sources of water contamination 
globally (Yang 2014). Industries dump waste directly or indirectly into the rivers or 
landfills. Industrial activities include the production of chemical compounds such as 
pesticides, salts and dye. Agricultural activities include the use of fertilizers, pesticides 
and insecticides to improve crop production.  
 
These chemicals may end up in the water streams via run-off or gets absorbed into 
the land seeping into underground aquifers. Most pesticides are organic and their 
degradation in the environment is not possible using normal conventional methods. 
These pesticides are persist in the environment (soil and water) and upon 
consumption they bioaccumulate in the ecosystem especially living cells causing 
toxicity (Ndlovu et al. 2014; Alharbi et al. 2018).  
 
As a result, the exposure of pesticides led to respiratory health problems, increased 
ocular nasal and elevated asthma symptoms amongst women farm workers in 
Western Cape of South Africa (Ndlovu et al. 2014). Furthermore, in rural areas, 17.9% 
of males working in crop spraying in Cape Town were reported to have chronic 
organophosphate poisoning, leading to asthma, and chronic bronchitis (Ndlovu et al. 
2014).  
 
Persistent organic pollutants (POPs) such as polychlorinated biphenyls (PCBs), 
dichlorodiphenyl trichloroethane (DDT) and organophosphate pesticides (OPs) (such 
as aldrin, dieldrin, chlorpyrifos)(Affairs 2011) has been widely used in pests and 
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disease control, crop production and industries (Alharbi et al. 2018; Lockwood 2017; 
Dalvie et al. 2006).  
 
Due to their persistence in the environment and bioaccumulation in the fatty tissues of 
animals, their effects on exposure, is either acute or chronic. The adverse effects of 
these compounds often lead to allergic reactions, the disruption of the endocrine 
system, cancer and subsequently to death (Kuo et al. 2009).  
Figure 1.1 shows estimated average annual use of atrazine in different crops 
throughout South Africa, this is to indicate the amount of pesticides used in our 
agricultural production which consequently pollute our water systems. The provinces 
with the highest atrazine level used includes Mpumalanga, North West, Free State, 
Limpopo and Kwa-Zulu Natal (Dabrowski, 2015). 
 
 
Figure 1.1: Map showing the average annual use of atrazine per hectare of agricultural 
land in magisterial districts of South Africa for the year 2009, estimated from pesticide 
sales and agricultural crop census data (Dabrowski, 2015). 
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A survey conducted in South Africa by Dalvie and co-workers (2006) on mapping the 
prevalence of pesticides “hot-spots” in the country, showed that the Western Cape 
Province had the highest pesticide levels (Dalvie et al. 2006). 40 establishments in the 
rural areas were found containing 9 tons of unwanted pesticides with different active 
ingredients. The active ingredients include 127.3 kg of DDT, 151 kg of and 141 kg of 
chlorpyrifos. Consequently, the residents in the rural areas of the Western Cape got 
exposed occasionally to the pesticides through contaminated food, soil and water 
(Dalvie et al. 2006).  
 
Pesticides were detected in surface and ground water from Western Cape in South 
Africa, especially chlorpyrifos (rainfall induced run-off sample = 0.19 g/L, sediments = 
245 g/kg) and endosulfan (rainfall induced run-off sample = 0.35 g/L, sediments = 
273g/kg) (Dabrowski et al. 2001; Dalvie et al. 2009). A study by Dalvie & London 
(2009) indicated that there were high levels of mercaptothion (1.95 mg/kg), permethrin 
(0.448 mg/kg) and chlorpyrifos (0.08 mg/kg) pesticides in South African raw wheat and 
raw wheat imported from other countries compared to EU, WHO and SANS 
permissible levels (Dalvie & London 2009). The acceptable limit for chlorpyrifos in 
drinking water is 30 µg/L (WHO 2004). 
 
Chlorpyrifos is one of the organophosphates that has a wide spectrum use for pest 
control in the agricultural practices and at homes for lawns (Ruan et al. 2012). It can 
be found in water bodies after it has been applied and washed into the water from the 
agricultural sector. Humans can be exposed to chlorpyrifos through consumption of 
chlorpyrifos contaminated water, food and soil.  
 
Children are most likely to get affected by this pesticide due to its high affinity to 
colloidal matter. Health effects related to chlorpyrifos are neurotoxicity, cholinesterase 
inhibitor and imparts on the reproductive system of male (Meeker et al. 2004).  
 
The conventional water and wastewater treatment methods that are currently 
employed such as coagulation and chlorination are failing to degrade organic 
pollutants in water and wastewater. Because these pollutants are present in small 
quantities and the conventional methods cannot remove pollutants in minute 
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concentrations, therefore leading to unsafe water for drinking. These pollutants are 
being detected in the effluent of the treated wastewater, therefore posing health threat 
to human beings and other animals due to their toxicity. 
 
1.2 Justification 
 
Due to continued wide application of pesticides in the agricultural sector to control pest 
and to increase production yield. These chemicals continue to prevail in the rivers, soil 
and air due to their persistence (Alharbi et al. 2018). Therefore find their way into 
human and animal bodies whereby they cause neurotoxicity and can lead to death 
(Kuo et al. 2009).  
 
Advanced oxidation processes (AOPs) have recently been applied for decomposition 
of organic pollutants (Quiroz et al. 2011). The AOPs includes Fenton reactions, dye 
sensitizers and photocatalysis (Samet et al. 2012). These AOPs use active oxygen 
species such as hydroxyl and superoxide radical as their main powerful oxidizing 
agent.  
 
Photocatalysis is a promising tool for the degradation of organic pollutants. There are 
many photocatalysts that have been used to degrade organic compounds as single 
catalyst or as a heterojunction to another catalyst or non-metal. These include TiO2, 
ZnO, Fe2O3, CdS, GaI, WO3, SnS2 and ZnS and are known as semiconductor 
photocatalyst (Teoh et al. 2012; Xu et al. 2014).  
 
These photocatalysts were associated with high efficiency in degradation of a wide 
variety of organic pollutants into biodegradable compounds or less toxic molecules, 
therefore mineralizing them into non-poisonous CO2 and H2O (Ayoub et al. 2010; Du 
et al. 2011). This was alluded to their smaller size which makes them easy to interact 
with low organic pollutant concentrations. 
 
Tungsten trioxide (WO3) nanoparticles are visible light absorbing, stable in aqueous 
environments under different pH conditions and can be applied in variety of 
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applications such as gas sensing and photoelectrocatalytic decomposition of organic 
pollutants. 
 
The decomposition of organic pollutants using WO3  nanoparticles is due to its more 
positive potential than the H2O/O2 oxidation potential (Eo(O2/HO2•)=0.05V vs NHE) 
which enable the production of hydroxyl radical for oxidation of organic pollutants 
(Baalousha et al. 2008). The pristine WO3 suffer from high photogenerated charge 
recombination rate leading to reduced photoactivity. To mitigate the high 
recombination rate, methods such as doping, photosensitization and formation of 
heterojunction are used. Therefore, this project thus aimed to use doping (Mn-WO3) 
and formation of heterojunction (Mn-WO3/SnS2) to degrade organophosphate 
pollutant (chlorpyrifos). The formed heterojunction will have high charge separation 
due to electron trapping by Mn ion and formation of interface between WO3 and SnS2 
to allow easy movement of photogenerated charges throughout the composite. 
 
1.3 Aim 
To synthesize highly effective composite Mn-doped WO3/SnS2 nanoparticles for 
efficient photocatalytic degradation of chlorpyrifos and its major degradation by 
product in water. 
 
1.4 Objectives: 
 To synthesize WO3, SnS2, Mn-WO3, WO3/SnS2 and Mn-doped WO3/SnS2 
nanoparticles via a hydrothermal method. 
 To characterize the as-synthesized nanoparticles using X-Ray diffractometer 
(XRD), High Resolution Transmission Electron Microscopy (HR-TEM), Field 
Emission Scanning Electron Microscopy (FE-SEM), Brunauer-Emmett-Teller 
(BET), Raman Spectroscopy, Photoluminescence spectroscopy (PL), Fourier 
transform infrared spectroscopy (FTIR), Thermogravimetric analysis (TGA), 
Ultraviolet-Visible spectroscopy (UV-Vis)-Diffuse Reflectance spectroscopy 
(DRS) and Electrochemical Impedance Spectroscopy (EIS). 
 To study the photodegradation by-products of chlorpyrifos using hyphenated 
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analytical technique such as LC-MS/MS. 
 To understand the kinetics and mechanistic degradative pathways of 
chlorpyrifos. 
1.5 Dissertation outline 
This work is outlined in the following pattern: 
 
Chapter 1 introduces the reader to the topic with a set of problems that will be 
addressed, how they are going to be addressed and to state why the study was 
conducted. 
Chapter 2 reviews the relevant literature related to the work documented in this 
dissertation on the development and applicability of nanomaterials to degrade 
pollutants. It also discusses the theory of the characterization and analytical 
techniques used in this project. 
Chapter 3 states the materials/resources used and the detailed procedure of how the 
research was conducted from synthesis of materials, to characterization of material 
instrument settings and photocatalytic application. 
Chapter 4 illustrates the attained results of the conducted research on the synthesis 
and characterization of the nanomaterials, trends and developments explained, 
supported by relevant theories and backed up by other literature findings. 
Chapter 5 displays and discusses the efficiency of the nanoparticles when applied for 
the degradation of chlorpyrifos in water and deduced mechanistic pathway. 
Chapter 6 draws conclusion based on the results and discussions obtained in chapter 
4 and 5, it further points out the gaps identified during the study for future work. 
Appendices displays the additional data obtained during the study. 
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CHAPTER 2:  
 LITERATURE REVIEW 
 
2.1 Introduction 
 
Water scarcity is and has been a worldwide problem due to low annual rainfall and 
water pollution. Amongst other countries, South Africa is one of the countries which 
recently experienced water shortage in Western Cape province with reports 
indicating water levels in dams below 37% because of low annual rainfall (DWA 
2011).  
 
Water shortage may be due to two factors, i.e. Low annual rainfall which result in 
low levels of water in dams and surface water. The available water is polluted or 
rather not safe for human and animal consumption which may be found in 
wastewater treatment plant, surface water or underground aquifers. The 
reclamation of pure water from polluted water is a viable solution as this can be 
human controlled.  
 
Pollutants in water range from microbial, inorganic and organic pollutants which may 
originate from domestic, industrial and agricultural practices. These sources of 
pollution may result in one or variety of pollutants indirectly or directly introduced to 
water bodies. Microbial pollutants may be bacteria (E. coli), fungi and protozoa 
which are associated with diseases such as diarrhea (Awotiwon et al. 2016). In 1997 
a case was reported by the department of water affairs whereby diarrhea was 
responsible for 20% deaths for children aging between 1 to 5 years old and an 
annual estimate of 43 000 deaths. 3 million incidences of illness that cost 
approximately R3.4 billion in treatment were observed (DWA 2011).  
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Inorganic pollutants usually found in water are cationic or anionic species (Okonkwo 
& Mothiba 2005). Amongst the recently reported inorganic pollutants found in water 
bodies are heavy metals such as Cd, Pb and Ni. The detected high concentrations 
are 0.044 mg/L (Cd), 0.035 mg/L (Pb) and 1.777 mg/L (Ni) found in Tyume river 
Eastern Cape province above the admissible value (Cd=10 μg/L (SA and WHO), 
Pb=5 μg/L (SA) and 3 μg/L (WHO) and Ni=150 μg/L (SA) and 20 μg/L (WHO)) 
(Songca et al. 2013; Awofolu et al. 2005). Heavy metals cause various health effects 
such as cancer and skin infections. For example, lead (Pb) concentration above 0.1 
mg/L cause problems with neurological development to foetus and children. 
 
Organic pollutants have been detected in the environment in their broad classes 
which are pesticides, pharmaceuticals, and volatile organic compounds such as 
polycyclic aromatic hydrocarbons (Benzene, Xylene and Ethylene glycol) 
(Kharagpur Web Course n.d.). South Africa is rich in agricultural products which 
implies that in order to obtain maximum production, the use of pesticides and 
insecticides is high to eradicate product pests (Glynnis et al. 2012). Pesticides can 
be washed off into rivers and some can enter ground water, consequently 
contaminating the water. Most pesticides persist in the environment as a result of 
bioaccumulation.  
 
There are variety of pesticides in existence in different classes which are 
carbamates (such as carbosulfan), pyrethroids (such as felvalerate and 
deltamethrin), organochlorine (such as endosulfan) and organophosphate (such as 
Aldrin, dieldrin and chlorpyrifos) (Marigoudar et al. 2018; Buckley 2003). These 
pesticides are associated with various health impacts such as weakness, dizziness, 
nausea, diarrhea, disorder, and to some extent even death (Alharbi et al. 2018). 
 
Conventional methods have been employed to eradicate or rather remove these 
pollutants in water bodies including removal in wastewater treatment plant. Most 
pesticides occur in trace amount, which then lead to failure of conventional methods 
to remove the pesticides in water. Methods such as advanced oxidation processes 
(AOPs) showed great potential for the removal of pesticides even in their low levels. 
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Advanced oxidation processes include photocatalysis and Fenton process (Samet 
et al. 2012; Ayoub et al. 2010).  
 
Recently, the research focus has shifted to the use of semiconductor photocatalysts 
for photocatalytic degradation of pesticides which showed great potential (Fadaei & 
Kargar 2013). Photocatalysis reactions require knowledge of photocatalyst 
properties such as electronic structure, charge separation and light absorbance to 
evaluate its eligibility for photodegradation of targeted pollutant under suitable 
conditions. 
 
2.2 Water pollutants 
 
Water pollutants are those pollutants found in water bodies, either surface or ground 
water. These pollutants accumulate in water and render the water unfit for animal 
and human consumption (EAP Task Force, 2007). 
 
An increase in water pollutants is the results of crowding of major cities by both 
people and industries to advance the standards of living thereby causing an 
increase in domestic and industrial waste. Water pollutants sources are oil spills, 
leakage of fertilizers, drainage from metal electroplating and steel works, by-
products of industrial processes and combustion of fossil fuels (Dong et al. 2015; 
Saini & Kumar 2016). 
 
In the major cities reclamation of water is the major route to obtaining portable 
drinking water as a viable method to combat water scarcity. This require removal of 
pollutants, because they pose health threats resulting from anthropogenic activities, 
faecal decomposition and land uses. Some pollutants result from agricultural 
activities such as pesticides and insecticides (Mojsak & Kaczy 2018). 
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2.2.1 Microbial pollutants 
 
Microbial water pollution is defined as a form of water pollution caused by 
microorganisms. Microorganisms may enter into the water system via sewage 
discharge or from wastewater from industries such as slaughter houses. Microbes 
such as viruses and bacteria may lead to water borne diseases such as cholera, 
typhoid, polio and infectious hepatitis in human (Awotiwon et al. 2016). 
 
2.2.2 Inorganic pollutants 
 
Inorganic pollutants include heavy metals and non-metals which are geological and 
anthropogenic by nature which pollute drinking water. Anthropogenic sources of 
heavy metals include manufacturing processes and chemical industries.  
 
The highest contributors of heavy metal pollution are the mining industries in South 
Africa (Edokpayi et al. 2016; Okonkwo & Mothiba 2005; Fatoki & Awofolu 2003). 
This is evidenced by the introduction of these heavy metals through acid mine water 
streams and run-offs entering drinking water streams. Other sources of inorganic 
pollutants such as agricultural run-offs consist of heavy metals-containing fertilizers 
used in the agricultural fields. Some elements are essential in living organisms such 
as zinc (Zn) and iron (Fe) in trace amounts (Mohiuddin et al. 2011).  
 
Heavy metals have a high chemical stability, are non-degradable, and bio-
accumulation in the environment. These metals accumulate in the living organisms 
including humans leading to high concentrations in cells over a long period of time 
which have adverse effects on health such as the cause of cancer (Radulescu et al. 
2014). Low levels of toxic metals can also result in health issues such as reduced 
growth and development, and destruction of vital organs. These heavy metals are 
exposed to human through contaminated water consumption.  
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Research on heavy metals, concerning their presence, effects and behavior in 
drinking water has gained attention. Heavy metals such as cadmium, arsenic, 
chromium, cobalt and nickel have been studied and found to be amongst the harmful 
pollutants commonly found in water (Radulescu et al. 2014; Binning & Baird 2001). 
 
Inorganic pollutants such as nitrogen, fluoride, sulphate and phosphate are the 
commonly detected in water and wastewater in high concentrations. These 
pollutants result from untreated sewage, detergents and fertilizers. Their 
introduction in water bodies may result fast growth of plants and algae which use up 
oxygen causing depletion of oxygen and death of aquatic organisms in a process 
called eutrophication (Hill et al. 2015). 
 
2.2.3 Organic pollutants 
 
Organic pollutants have been found to play a negative role in the environment. They 
are the most detected type of water pollutants. They are a result of industrial, 
pharmaceuticals and agricultural application. These pollutants may be man-made 
or naturally occurring or rather transform in the environment. Over the years, most 
organic pollutants have been studied and some are classified as emerging 
pollutants due to their behavior and lack of knowledge in the environment 
(Nousiainen et al. 2013).  
 
There are many organic pollutants in the environment and have different chemistry 
of breakdown and half-lives. Some organic pollutants are classified as persistent 
organic compounds because they exist in the environment for a very long period of 
time and thus, lead to environmental distress (Alharbi et al. 2018). Organic 
pollutants detected so far in the environment include DDT, PCBs and 
organophosphate compounds (Chlorpyrifos, Aldrin) (Weldon et al. 2011). They are 
associated with environmental concerns affecting aquatic life and human. 
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2.3 Persistent organic pollutants (POPs) 
 
These organic pollutants are classified according to their half-lives in the 
environment. Persistent organic pollutants are basically man-made organic 
chemicals that are present in the environment for a long period without changing 
their chemistry or physical properties which is the result of resistance to various 
degradation processes such as biological and chemical degradation (Nousiainen et 
al. 2013; Lockwood 2017).  
 
Consequently, the pollutant ends up accumulating in the tissues of living organisms. 
This type of pollutants may even move to regions they were never used before 
because they are easy to transport which is made possible by their semi-volatility 
property, hence high chances of impact on human health and environment. 
 
Persistent organic pollutants are introduced into the environment in two ways which 
are 
 Chemicals which have been produced for applications in agriculture, disease 
control, manufacturing or industrial processes, which includes 
Polychlorinated biphenyls (PCBs). These pollutants are widely applied as 
hydraulic and heat exchange fluids in electrical transformers and large 
capacitors. Dichlorodiphenyl trichloroethane (DDT) was and is still in use for 
disease vector control of malaria in South Africa and other countries in the 
world (Weldon et al. 2011). 
 Chemicals produced unintentionally such as dioxins, the chemicals may 
result from industrial processes as undesired compounds and from medical 
and municipal waste. 
2.4 Organophosphate pesticides (OPs) 
 
Organophosphate pesticides are man-made chemicals comprising of phosphorous 
ester group. Organophosphate insecticides were first developed in 1940 in 
Germany, importantly for defense against agricultural pests (Zimba & Zimudzi 2016; 
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Buckley 2003). They are widely used as insecticides in agricultural application and 
home (domestic use).  
 
Insecticides such as diazinon, monocrotophos and chlorpyrifos damage the 
acetylcholinesterase, an enzyme in the body thus paralyzing/killing the insect 
(Hamilton et al. 2003). Organophosphate pesticides possess the same mechanism 
of action as nerve gases like sarin. Therefore, they are referred to as junior 
strength nerve agents (Yayra et al. 2016). 
 
2.4.1 Chlorpyrifos (CPF) 
 
2.4.1.1 Occurrence 
 
Chlorpyrifos is a widely used organophosphate pesticide (Wang et al. 2016). It is 
characterized by the linkage of sulphur that is double bonded to phosphorus (Figure 
2.1). The half-life of chlorpyrifos range from days to years in water. Hence, 
chlorpyrifos adsorption studies have reported half-life that ranges from hundreds of 
days to years.  
 
Chlorpyrifos does not readily dissolve in water with 2 mg/L solubility, but has strong 
affinity to colloids such as soil particles (Mojsak & Kaczy 2018). Study reported that 
chlorpyrifos showed adsorption to different soil types with a strong linear relationship 
to soil organic matter. This is caused by the hydrophobic binding sites present in 
organic matter. CPF loss in water column was observed in the presence of natural 
colloidal matter faster than any other common pesticides under study (Kravvariti et 
al. 2010). 
 
2.4.1.2 Prevalence 
 
Chlorpyrifos is extensively applied in broad applications such as agricultural 
applications for pest control, on ornamental plants, and flea control in animals as 
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per its registration (John et al. 2015). Chlorpyrifos target pests are the chewing and 
sucking insects and mites found on economically important crops such as citrus 
fruits, bananas, vegetables, rice, coffee, potatoes, wheat and cocoa (Fang et al. 
2018; Chen et al. 2016). Chlorpyrifos’ wide application dominates in agricultural 
practices together with other organophosphate pesticides (Quintana et al. 2018). 
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Figure 2.1: Structural formula of Chlorpyrifos (Ismail et al. 2013). 
 
The broad application of chlorpyrifos has led to its detection in the environment 
whereby it resulted into serious damage to other organisms. This is due to its 
persistent usage and broad application in variety of pest control measures as 
reported on contamination on wide range of water and terrestrial ecosystem. 
 
2.4.1.3 Health effects 
 
Chlorpyrifos was reported to have high mammalian toxicity evidenced by negative 
effects on the endocrine system (endocrine disruptor), immune system, 
cardiovascular system, respiratory system, nervous system (by interfering with 
cholinesterase activities) and reproductive system (Lim et al. 2018; Glynnis et al. 
2012). Chlorpyrifos is a nerve agent that attacks the chemical pathways and cause 
nerve breakdown inhibiting their ability to communicate. It is associated with lower 
IQ and developmental problems in small children (Lim et al. 2018; WHO 2008).   
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2.4.1.4 Mode of action 
 
In the environment, chlorpyrifos can be broken down or rather converted to other 
components due to different processes undertaking in the natural environments 
such as biological, chemical and physical forces in the water, soil, plants and 
animals (Ishag et al. 2016).  
 
 
 
Figure 2.2: Structural formula of 3,5,6-trichloro-2-pyridinol (TCP) (Ismail et al. 
2013). 
 
In the presence of light in water, chlorpyrifos was observed to be converted to 3,5,6-
trichloro-2-pyridinol (TCP) (Figure 2.2), known as a persistent metabolite refractory 
to microbial degradation (Chen et al. 2012). Accumulation of TCP in liquid medium 
or soil decreases the degradation rate of chlorpyrifos by preventing the increase in 
the number of micro-organisms involved in the degradation due to its antimicrobial 
properties (El Masri et al. 2014).  
 
TCP is a major degradation by product of chlorpyrifos with high water solubility. It 
causes a widespread contamination of soils and aquatic environments. It results 
from the cleavage of the phosphorus ester bond of chlorpyrifos (Yang et al. 2017). 
TCP is classified as persistent and mobile with half-life from 60 to 360 days in soil, 
depending on soil type, climate and other conditions. In the presence of sunlight, 
microbial activity can degrade TCP in soils and water to carbon dioxide and organic 
matter (Liu et al. 2016). 
 
Due to their persistence in the environment, chlorpyrifos and TCP are both 
considered pollutants in the natural environments, which include water and soil. 
N OH
ClCl
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Many pesticides have been banned in many countries for use in the environment 
including chlorpyrifos, specifically in agricultural applications in 20th century, but they 
are still being detected in high levels in the environment to this date.  
 
Jamieson et al. 2017 studied bioaccumulation of persistent organic pollutants (PCBs 
and PBDEs) in deep-sea fauna. They reported high concentrations of persistent 
organic pollutants which were cut-off in 1970 (Jamieson et al. 2017). Weldon et al. 
2011 studied accumulation of pesticides in breastmilk of women living in urban and 
agricultural areas in the United States (Weldon et al. 2011). They found high 
concentration of chlorpyrifos (28 pg g-1 milk) and permethrin (103 pg g-1) in 
breastmilk of women in agricultural areas than in urban areas (chlorpyrifos=25 pg  
g-1, permethrin=82 pg g-1). 
 
2.4.1.5 Treatment of chlorpyrifos in water 
 
Research has been conducted on methods to degrade or rather remove these 
pesticides including chlorpyrifos in the environment which include biological, 
chemical and physical processes. Amongst other methods, biological methods 
using bacterial strains isolated from different sources have been reported for 
degradation of chlorpyrifos, such as Enterobacter strain B14, Paracoccus sp. Strain 
TRP, Bacillus pumilus strain C2A1 (Ishag et al. 2016). However, only Bacillus 
pumilus strain C2A1 and Paracoccus sp. Strain TRP were found to be efficient for 
the degradation of chlorpyrifos and TCP (Fan et al. 2018).  
 
Fungal strains have been used to study chlorpyrifos and TCP degradation using 
Cladosporium Cladosporioides Hu-01. The biodegradation resulted in fast removal 
of chlorpyrifos and TCP within 5 days (Chen et al. 2012). The half-lives of 
chlorpyrifos and TCP were reduced by 688.0 and 986.9h respectively upon fungus 
enhancement using inoculum.  
 
Authors suggested fungus as a promising microbial species for bioremediation of 
chlorpyrifos contaminated water, soil or crops, though strict control of fungal 
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environment still required for optimal conditions and longer residence time for fungal 
growth and nurturing. However, the use of amino-substituted calixarene-based 
magnetic sporopollenin resulted in an excellent chlorpyrifos removal efficiency of 
96% at pH 7 within 10 minutes of contact in wastewater contaminated with the 
pesticide.   
 
Other methods for degradation of chlorpyrifos have been reported such as zero-
valent iron incorporated in anaerobic biological treatment plant (Hou et al. 2018) 
whereby 95.94% removal efficiency of chlorpyrifos was obtained.  
 
Advanced oxidation processes including Fenton processes and photocatalysis have 
been employed for degradation of chlorpyrifos. 90% COD removal was achieved 
using Photo-Fenton process under optimum conditions of pH = 3, 
temperature=35ºC, H2O2 dosing rate of 120 mg/min and initial Fe2+ concentration of 
5.0 mM. These were the dependent factor of the Fenton process (Samet et al. 2012).  
 
Photocatalytic degradation of chlorpyrifos was achieved using TiO2 and ZnO 
nanoparticles under UV light irradiation (Fadaei & Kargar 2013). Chlorpyrifos 
removal rate was 80% and 90% for UV/ZnO and UV/TiO2 respectively. The reaction 
was conducted under optimum pH of 9 and initial photocatalyst concentration of 
0.15 g/L.  
 
Furthermore, coupled semiconductor have been used to degrade chlorpyrifos in 
water. The coupled photocatalyst reported was composite made of CoFe2O4@TiO2 
decorated on the reduced graphene oxide layer (Gupta et al. 2015). The 
degradation of chlorpyrifos achieved more than 90% using 0.4 g/L at pH 5.8 within 
60 minutes. 
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2.5 Treatment methods for chlorpyrifos 
 
2.5.1 Advanced oxidation processes (AOPs) 
 
Advanced oxidation processes are hydroxyl radicals mediated set of chemical 
treatment processes developed to remove pollutants in water and wastewater by 
oxidation reactions (Stocking et al. n.d.). They are categorized in two groups such 
as heterogeneous processes and homogeneous processes (Ayoub et al. 2010). The 
heterogeneous processes involve materials in different phases (Organic pollutant 
being in a different phase compared to the degradation mediator).  
 
Examples of heterogeneous processes are catalytic ozonation and photocatalysis 
(Quiroz et al. 2007). Whereby examples of homogeneous processes are ultraviolet 
radiation, and electrochemical oxidation. The most popular and most used 
processes are the Fenton process and photocatalysis due to their excelling pollutant 
degradation capabilities. They improve the biodegradability of recalcitrant water and 
wastewater (Ayoub et al. 2010). 
 
The Fenton process is one of the most investigated advanced oxidation processes 
for water treatment. It is reported to be the most effective methods for oxidation 
process of organic pollutants (Quiroz et al. 2007). The Fenton process incorporate 
the use of hydrogen peroxide and iron species (H2O2/Fe2+) as the Fenton reagent 
(Samet et al. 2012). These reagents displayed efficiency in the treatment of various 
water and wastewater pollutants including pesticides, aromatic compounds, and 
dyes (Quiroz et al. 2007).  
 
The Fenton reagents allow high depuration levels at room temperature and pressure 
conditions through nontoxic and easy to handle reactants through the formation of 
a hydroxyl (HO•) radical and oxidation of Fe2+ to Fe3+, illustrated in Equation 2.1. 
The disadvantages of using the Fenton process include the production of high 
amount of Fe(OH)3 which precipitates. The precipitates causes an additional water 
pollution by the homogeneous catalyst used as an iron salt and the catalyst cannot 
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be  retained in the process (Quiroz et al. 2007). Thus, other methods were explored 
such as photocatalysis. 
 
Fe2+ + H2O2 → Fe3+ + HO + HO•      2.1 
 
2.5.1.1 Photocatalysis 
 
Photocatalysis is a light induced chemical reaction on a semiconductor catalyst’s 
surface. This is due to photogenerated charge carriers (electrons and holes) 
migrating to the semiconductor surface to initiate chemical reactions on the 
adsorbed molecules (Batzill 2011; Marschall 2014). Photocatalysts are chemically 
stable, potential in environmental remediation, sensors, solar energy conversion, 
photodegradation of organic and inorganic pollutants, and water splitting (Tang et 
al. 2015).  
 
Photocatalysis reaction mechanism is easy to follow, such that light is irradiated on 
the surface of the photocatalyst, therefore, the incident light is absorbed by the 
photocatalyst, provided the energy of the incident photons is equal or larger than 
the semiconductor band gap energy. The electrons from the valence band (VB) get 
excited and occupy conduction band (CB), and holes remain in the valence band 
(Figure 2.3).  
 
The photoexcited electrons can be used for electrochemical reduction of oxygen to 
oxygen radicals when the CB minimum of the semiconductor photocatalyst is 
positioned at a more negative potential than the electrochemical potential of oxygen 
reduction (O2/˙O2- = -0.33V at pH 7) (Xu et al. 2014; Batzill 2011). The electrons in 
the conduction band powerful enough to directly reduce metals/metal ions 
considering their electrochemical reduction potential.  
 
The holes created in the VB of the semiconductor can be used to oxidize molecular 
water into hydroxyl radical considering the VB minimum of the photocatalyst is more 
positive than the redox potential of water to hydroxyl radical (Xie et al. 2012). The 
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hydroxyl radicals which are powerful oxidizing agents can be used for degradation 
of organic pollutants.  
 
Figure 2.3: Photocatalysis reaction mechanism (Marshall 2014). 
 
In the occasion that electrons are not utilized, they return to the VB, therefore 
recombining with the generated holes. Photocatalysis reaction process can 
generally be explained using three mechanistic steps such as the excitation, bulk 
diffusion and surface transfer of photogenerated charges (Marschall 2014).  
 
In heterogeneous photocatalysis, the semiconductor photocatalyst redox reactivity 
is affected both by electronic and surface atomic structures. According to surface 
atomic arrangement and coordination that determine the reactant molecules 
adsorption intrinsically, surface charge transfer occurs between adsorbed 
molecules and photogenerated charges. Therefore, an efficient photocatalyst 
maximizes charge transfer for photodegradation of adsorbed molecules and 
consequently result in low charge recombination.  
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Pristine photocatalysts have been employed for photocatalytic degradation of 
pollutants in water such as TiO2 (Xu et al. 2014), WO3 (Georgaki et al. 2015; Fakhri 
& Behrouz 2015b), ZnO (Abudayyeh 2014; Khan et al. 2015), and SnS2 (Fakhri & 
Behrouz 2015a). The most studied photocatalysts are TiO2 and ZnO as they 
possess similar characteristics such as absorption only in the ultraviolet light (UV). 
This is due to a large band gap, stability at wide pH range, nontoxicity and are cheap.  
 
The disadvantage with these photocatalysts is that they only absorb in the UV region 
which accounts for 4% of the solar spectrum (Raj 2012). Research interests has 
recently focused on developing visible light absorbing photocatalysts such as WO3, 
SnS2 and SnO2 (Kim et al. 2018; Rahimnejad et al. 2014). Even though these 
photocatalysts are active under visible light, they still suffer from high 
photogenerated charge recombination. The proposed ways to combat the 
limitations encountered in semiconductor photocatalysts are doping  
(metal/non-metal), dye sensitization, phase-junction and heterojunction formation 
(Marschall 2014; Chowdhury et al. 2017). 
 
2.5.2.2 Photocatalyst modification 
 
Modification of photocatalysts has been studied after realization of the limitations 
encountered by single photocatalysts. Consequently, research interests have 
embarked on modifying the photocatalysts’ intrinsic properties using various 
methods including doping (metal/non-metal), dye sensitization, facet design and 
heterojunction formation to enhance their photocatalytic properties. It is of 
paramount importance to modify the photocatalyst to suit the desired feature for a 
complete removal of the targeted pollutant. 
 
2.5.2.2.1 Dye-sensitization 
 
Dye sensitization involves the addition of an organic molecule to semiconductor 
photocatalyst to enhance the absorption capability of the photocatalyst (Figure 2.4). 
  Chapter 2: Literature Review 
24 
This type of modification is mainly used for visible light absorption capabilities 
whereby it is purposefully introduced to enhance visible light absorption of UV light 
absorbing photocatalysts such as TiO2 and ZnO (Watanabe 2017; Youssef et al. 
2018). Types of dyes are xanthene dyes, transition metal-based dyes and organic 
dyes.  
 
Dye-modified photocatalysts using TiO2 have been reported. In these studies 
improved electron transport was observed due to optimization of compact 
layer/perovskite interface by an organic dye sensitization utilizing a  
triazine-substituted zinc porphyrin as an electron transport later (ETL) (Youssef et 
al. 2018; Momeni 2016). Balis et al. 2018 discussed the use of metal free organic 
dye D35 as a sensitizer in liquid- or solid-state DSSCs.  
 
D35 was found to be an efficient sensitizer on TiO2 due to its butoxyl chains that 
enhance semiconductor protection by providing self-assembly and allows the 
formation of TiO2 aggregates free dye layer surface (Balis et al. 2018). 
Consequently, acting like an insulating hydrophobic shield that prevents the oxidized 
species away from TiO2 surface and suppressing the electron recombination. They 
observed high output power conversion efficiencies (PECs) of 13% for D35 modified 
Titania sensitized cells which outperformed cells without D35. 
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Figure 2.4: Schematic diagram of photosensitized photocatalyst (Youssef et al. 
2018). 
 
The disadvantage with dye sensitization is the development of a NPs-sensitized 
system that have good stability, intensive visible light harvesting capabilities and 
high photocatalytic activity.  
 
High photocatalytic activity is obtained by optimizing parameters such as the type 
of nanomaterial (TiO2, ZnO, fullerenes, graphene), nature and content of 
photosensitizer  (xanthene dyes, transition metal-based dyes, organic dyes), 
presence or absence of heavy metal atoms in the cavity of the photosensitizers, 
linkage mode between photosensitizer and the surface of the NPs (physisorption, 
covalent grafting) and the type of light utilized for the photocatalytic applications (UV, 
Visible or solar) (Youssef et al. 2018). 
 
2.5.2.2.2 Metal/Non-metal doping 
 
Doping is an introduction of an impurity into the lattice crystal of a semiconductor 
photocatalyst. The impurity may be a metal or non-metal ion. In metal doped 
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photocatalysts, the metal forms a Schottky junction (interface) with the photocatalyst 
(Figure 2.5) (Xiang et al. 2010; Li et al. 2015). The interface allows electron transfer 
from the semiconductor to the metal ion by aligning the fermi levels of the metal 
dopant and the semiconductor, therefore, results in the enhancement of the 
photocatalytic activity of the semiconductor photocatalyst (Wang et al. 2015; Li et 
al. 2015).  
 
The metal dopant generally acts as an electron sink by temporarily trapping the 
electrons. Consequently, this reduces the electron-hole charge recombination which 
results in efficient charge separation and transfer. The metal dopant on the 
semiconductor photocatalyst can also act as reaction active site thereby increasing 
the number of active sites on the photocatalyst (Ran et al. 2013).  
 
 
Figure 2.5: Schematic diagram of metal doped semiconductor photocatalyst (Li et 
al. 2015). 
 
The metal dopants reported so far include silver (Ag), gold (Au), manganese (Mn), 
magnesium (Mg), copper (Cu) and platinum (Pt) (Ran et al. 2013). Some examples 
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of the resulting metal doped photocatalysts are Mn-WO3 (Parthibavarman & 
Prabhakaran 2017), Pt-TiO2 (Li et al. 2015) and Au-BiVO4 (Ran et al. 2013).  
 
Reported Schottky junction formed between Pt and TiO2 (Pt-TiO2) showed improved 
charge separation and enhanced photocatalytic activity for water splitting (Xu et al. 
2014). This was alluded to the presence of Pt having a large work function and low 
activation energy for H2 evolution. The disadvantage of metal dopant is that at high 
degree of doping may lead to high recombination rate due to excess of the metal 
dopants acting as recombination centers. This method was employed in this study 
whereby appropriate metal dopant level was used for optimum performance. 
 
In non-metal doping, a semiconductor photocatalyst is modified using a non-metal 
inserted close to its valence band maximum (Figure 2.6) (Islam et al. 2017). 
Compared to metal ions, non-metal ions are less prone to formation of 
recombination centers and have found to be more effective on the photocatalytic 
activity enhancement, especially of TiO2. It occurs due to the ability of the non-metal 
dopant to narrow the band gap of the semiconductor because the related impurity 
states are located close to the valence band maximum. 
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Figure 2.6: Schematic diagram of non-metal doping (Islam et al. 2017). 
 
The reported non-metal dopants include nitrogen, fluorine, sulphur and iodine (Yang 
et al. 2009). The most studied semiconductor photocatalyst (TiO2) was subjected to 
non-metal doping using nitrogen as dopant. The nitrogen dopant decreased the 
band gap of TiO2 allowing the photocatalyst to absorb visible light (Islam et al. 2017). 
However, non-metal doping has limitations such as strict reaction conditions and the 
non-metal are unstable, difficult to control and the process is tedious. Some non-
metal dopants have ionic radius that is too large to be incorporated into the 
semiconductor lattice. Example, Sulphur has a large ionic radius to be incorporated 
into TiO2 lattice crystal. 
 
2.5.2.2.3 Phase junction 
 
Phase junction is the formation of two crystallographic phases of a semiconductor 
photocatalyst joined together as illustrated in Figure 2.7 (Li et al. 2015). The phase 
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junction occurs by transitioning one phase slightly onto another phase, as a result, 
two phases are present in conjunction with one another. The different phases pose 
different photocatalytic activity of which when combined can enhance the activity of 
the photocatalyst. This is due to improved charge separation because 
photogenerated charges will move from one phase to another of that photocatalyst.  
 
Methods for achieving phase junction include adjusting of pH, degree of doping, and 
temperature (Li et al. 2015). These methods can achieve phase transitioning and 
stabilization from one phase onto another thus forming a phase junction. An 
example of a phase junction is TiO2 anatase/rutile junction whereby electron transfer 
occurred from the conduction band of anatase to the conduction band of rutile 
therefore increasing photoactivity by increasing separation of photogenerated 
charges (G. Liu et al. 2011). Though the disadvantage is that the method is tedious.  
 
 
Figure 2.7: Schematic diagram of phase-junction composite (Li et al. 2015). 
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2.5.2.2.4 Heterojunction 
 
Heterojunction is the interface of two photocatalyst materials with different band 
gaps joined together through a junction barrier (Tang et al. 2015). The 
heterojunction is formed to overcome photogenerated charge recombination by 
movement of charges from one photocatalyst to another, thereby facilitating electron 
and hole separation. There are two types of heterojunctions reported such as p-n 
and n-n heterojunctions. These heterojunctions are aligned based on the band edge 
positions. There are three types of alignment in the heterojunction set-up, being type 
I, type II and type III (Figure 2.8) (Tang et al. 2015; Marschall 2014). 
 
 
 
Figure 2.8: Schematic diagram of different types (I-III) of heterojunctions (Marshall 
et al. 2014). 
 
Type I heterojunction involves sandwiching one of the semiconductor band edges 
into another semiconductor (Figure 2.8(a)), which results in all the photogenerated 
charges accumulating on one semiconductor (Marschall 2014). This yield no 
improvement in the photocatalytic activity; however, the type of heterojunction is 
common. 
 
(a) (b) (c) 
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Type II heterojunction have respective band edges of one semiconductor above the 
corresponding band positions of the other semiconductor CB(2) above CB(1) and 
VB(2) above CB(1)) (Figure 2.8(b)). The photoexcited electrons are transferred 
from the CB(1) to CB(2). The photogenerated holes are then simultaneously transfer 
from VB(1) to VB(2). Therefore, the movement of photogenerated charges result in 
low recombination rate and consequently separate the electrons from holes (Tang 
et al. 2015).  
 
This type of heterojunction is the best amongst the other two types and it is observed 
in many composite photocatalysts. It results in improved photocatalytic activity due 
to optimum band positioning for efficient charge separation. In this work, type II 
heterojunction was chosen based on the advantages it poses also due to WO3 and 
SnS2 band positioning (Li et al. 2014). 
 
Type III heterojunction involves one semiconductor with both its CB and VB further 
set off from the other semiconductor CB (Figure 2.8(c)). This type of heterojunction 
is called broken-gap situations and is uncommon due to less charge separation 
(Marschall 2014). 
 
2.5.2.2.4.1 p-n heterojunction 
 
p-n heterojunction is a heterojunction formed between a p-type semiconductor with 
an n-type semiconductor, shown in Figure 2.9 (Li et al. 2015). The two 
semiconductor photocatalysts have different charge carriers which are holes and 
electrons for p-type and n-type respectively. This type of heterojunction has been 
employed for the modification of photocatalytic activity of a semiconductors such as 
CaFeO4/WO3 forming a z-scheme photocatalysis (Miyauchi et al. 2013).  
 
Furthermore, coupling of Cu2O(p)/CuO(n) semiconductors led to more than 80% 
norfloxacin degradation under visible light, this was attributed to the charge 
separation induced in the heterojunction composite (Mamba et al. 2017). Based on 
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the chosen semiconductor materials, this type of heterojunction can form any of the 
three band alignment designs (type I, II, and III). 
 
Figure 2.9: Schematic diagram of p-n heterojunction (Li et al. 2015). 
 
2.5.2.2.4.2 n-n heterojunction  
 
n-n heterojunction is a heterojunction formed by two n-type semiconductors (Figure 
2.10) (Li et al. 2015). Its charge mobility is capacitated by electrons due to both 
semiconductors’ charge mobility facilitated by electrons. There are many 
heterojunction photocatalysts of this type formed which showed improved charge 
separation and enhanced photoactivity such as WO3/BiVO4 (Zheng et al. 2017). This 
type of heterojunction is used in this work due to both WO3 and SnS2 being n-type.  
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This type of heterojunction is the most studied and formed so far due to its effective 
charge separation. Most of n-n heterojunctions form type II design, as expected in 
this study. The photogenerated electrons will flow from SnS2 (CB) to WO3 (CB) and 
consequently the photogenerated holes migrate from WO3 (VB) to SnS2 (VB) 
thereby enhancing charge separation (Li et al. 2014).  
 
Figure 2.10: Schematic diagram of n-n junction heterojunction (Li et al. 2015). 
 
2.5.3 Tungsten trioxide (WO3) 
 
Tungsten trioxide (WO3) is one of the mostly studied semiconductor photocatalysts. 
This is due to its interesting properties such as narrow band gap between 2.2 to 3.2 
eV allowing visible light absorption (Kominami et al. 2001). Its electronic band gap 
(Eg) corresponds to the space between the valence band energy level formed by 
filled 2p orbitals of oxygen and the conduction band energy level formed by the 
empty tungsten 5d orbitals (Simelane et al. 2017).  
 
WO3 is an n-type semiconductor, which implies that major charge carrier mobility is 
facilitated by electrons (Chae et al. 2017). Nanostructured WO3 generally have band 
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gap increase upon grain size reduction. This is observed experimentally by a blue 
shift of the optical absorption band edge. The blue shift is attributed to quantum 
confinement (QC) effects (Rahimnejad et al. 2014). Due to its optical properties, 
applications in photocatalysis under visible light is possible, considering the 
abundance of visible light in the solar spectrum.  
 
Like other photocatalysts, WO3 has limitations such as recombination of 
photogenerated charges. Tungsten trioxide nanomaterials have been extensively 
studied for its properties in variety applications such as electrochemical gas sensing, 
water splitting, and photocatalysis (organic and inorganic degradation) (Xie et al. 
2012). 
 
The advantages of working with WO3 are that synthesis of the nanomaterial is easy 
and obtainable in high purity (Ahmadi et al. 2014). This is the reason WO3 
nanomaterials can be synthesized to obtain different polymorphs (Srivastava et al. 
2006). It is based on the nature of WO3 existing in different crystalline phases which 
arise from the three-dimensional array of corner and edged sharing WO6 metal-
oxygen octahedral in its original structure illustrated in Figure 2.11 (Cui 2005). 
 
Figure 2.11: Unit cell of the perovskite lattice (Part I) and octahedral symmetries 
(Part II) in the perovskite structure (Cui 2005). 
 
Different phases arise due to corner and sharing of atoms in WO3 structure. The W 
atom is displaced from the octahedral center thereby causing a distortion and the 
displacement is temperature dependent. As a result, different crystalline phases are 
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formed such as monoclinic, triclinic, orthorhombic and tetragonal. These crystalline 
phases are formed in temperatures between <123K to 1013K through annealing 
and cooling processes (Rodríguez-Pérez et al. 2015).  
 
Monoclinic phase is the most stable and the most photocatalytic compared to the 
other phases. Monoclinic tungsten trioxide was chosen for this work due to its 
superior properties. Tungsten trioxide, like many other semiconductor 
photocatalysts suffers from high photogenerated charge recombination. This need 
to be combated with various methods, and in this work, doping and heterojunction 
formation will be used as described in the previous sections. 
 
Table 2.1: WO3 crystalline phases and their corresponding temperatures of 
formation. 
Crystal structure Crystalline phase Temperature 
formation  
Monoclinic II ε-WO3 <-43 
Triclinic δ-WO3 -43 to 17 
Monoclinic I ϒ-WO3 17 to 330 
Orthorhombic β-WO3 330 to 740 
Tetragonal α-WO3 >740 
 
2.5.4 Tin (IV) disulphide (SnS2) 
 
Tin (IV) disulphide (SnS2) is a visible light active semiconductor with a narrow band 
gap (Eg) between 2.0-2.5 eV (Burton et al. 2016; Zhou et al. 2017). The resultant 
conduction band position is more negative on the normal hydrogen electrode (NHE) 
than H2/H2O reduction potential and its valence band is less positive than O2/H2O. 
Sn usually form hexagonal structure when in oxidation state of +4 (Du et al. 2011). 
SnS2 crystal structure displays that Sn (IV) coordinates to six S atoms in a regular 
octahedral (Figure 2.12) (Whittles et al. 2016). 
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Figure 2.12: Ground state (2H) structure of SnS2 showing the 2-dimensional 
bonded plane of edge-sharing octahedra and the conventional unit cell (Whittles et 
al. 2016). 
 
Tin (IV) disulphide is a good semiconductor photocatalyst because of its wider 
spectrum response, nontoxic, abundance, relatively inexpensive and chemically 
stable in acid or neutral solutions (Yang et al. 2016). It has been applied in a wide 
variety of application in its pristine or doped with other material (Ou et al. 2015; 
Zhang et al. 2011). The applications range from electrochemical sensors, 
adsorption, and photocatalysis on variety of environmental pollutants (Luo et al. 
2018; Yu et al. 2014; Mondal et al. 2014).  
 
Ma et al. 2015 reported a formation of composite material of tin (IV) sulphide-
reduced graphene oxide (SnS2-rGO) which was applied in Na-ion batteries (Ma et 
al. 2015). The composite exhibited a reversible capacity of 630 mAhg-1 with high 
performance rate. It also showed a potential of splitting water with a photon-to-
current conversion efficiency of 38%. 
 
Christoforidis et al. reported the ability of SnS2 to act as oxidizing agent and charge 
carrier separator when ultrathin decorated on 1D anatase TiO2 using a one-step soft 
hydrothermal process (Christoforidis et al. 2015). Furthermore, formation of 
heterojunction of SnS2 with Ag2CO3 showed an enhanced visible-light photocatalytic 
activity for the degradation of organic pollutants. The composite (Ag2CO3/SnS2) with 
weight content of 2.0% Ag2CO3 gave degradation of methyl orange of 6.22, 1.65 
times higher than those obtained using pure Ag2CO3 and SnS2, respectively (Luo et 
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al. 2015). This was alluded to the synergistic effect between Ag2CO3 and SnS2 with 
improved photogenerated charge separation and enhanced interfacial charge 
transfer. 
 
2.6 Synthesis of nanomaterials 
 
Nanomaterials are synthesized using different methods especially due to their size 
and their different polymorphs. Two ways have been proposed for their synthesis 
which are bottom-up and top-down approaches (Y. Liu et al. 2011). Bottom-up 
approach involves the synthesis of the nanomaterials from atomic level, further 
undergoing self-processing leading to nanostructure formation (Saravanan et al. 
2008). During the self-assembly process, physical forces operate at nanoscale to 
combine basic units into larger stable structures (Moores 2018).  
 
This technique consists of chemical synthesis, chemical vapor decomposition, 
hydrothermal reactions, thermal spray technique, inert gas condensation rapid 
solidification and electrodeposition (Aoki et al. 2016). Most applications use bottom-
up approaches because they are readily accessible, low-cost and productive. But 
they suffer from inability to precisely control particle shape, size and dispersity 
(Yamamoto et al. 2013). 
 
Top-down approach is a lithographic method for generating desired patterns in 
nano- or micro-scale. Top-down methods provide nanomaterials with high 
consistency and high controllability on pattern size and shape (Y. Liu et al. 2011). 
The methods have disadvantages such as high costs of equipment and limited 
access to fabrication facilities. The fabrication capacity of top-down methods is low 
which disadvantage the use of this approach.  
 
PRINT (Particle Replication In Non-wetting Templates) process is the best top-down 
synthesis method that is less costly and highly scalable (Fu et al. 2018). Though it 
still shows lower fabrication capacity than most bottom-up methods. Examples of 
top-down methods are photolithography and PRINT. The most studied method is 
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the photolithography due to advantages such as reliability, productivity and 
convenience. 
 
2.6.1 Hydrothermal method 
 
Hydrothermal method is described as a crystal synthesis or crystal growth carried 
out at high temperature and pressure water conditions from insoluble substances 
under ordinary temperature and pressure (Hayashi & Hakuta 2010). This method is 
widely used and most effective route for the synthesis of nanomaterials of different 
shapes, size and polymorphs. The reactants are sealed into an autoclave filled with 
water to form a solution and heated under high pressure and temperature 
conditions.  
 
Teflon-lined autoclaves are capable of withstanding high temperatures and pressure 
which allows for hydrothermal synthesis to be carried out at extreme temperature 
and pressure conditions (Khanjani & Morsali 2010). The particle size of the metal 
oxide depends on the hydrolysis rate and its solubility (Navarro et al. 2014). This 
method can be carried out in batch type or continuous flow type to obtain the desired 
products. The reaction conditions can be controlled by instantaneous mixing and 
sudden temperature increase which results in supersaturation, though rapid heating 
is important when small and homogeneous NPs are produced.  
 
The initial set-up of reaction parameter is easy to conduct. The low cost of this 
method makes it viable to obtain small and homogeneous NPs (Aoki et al. 2016). 
Based on the advantages this method possesses, it was adapted for use in this work 
as it has been reported to produce desired small NPs with homogeneous shape and 
these nanoparticles exhibit high photocatalytic activity. 
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2.6.2 Sol-gel method 
 
Sol-gel synthesis method is used for the preparation of metal oxide nanoparticles 
and nanocomposites (Danks et al. 2016). It is a wet chemistry technique that 
involves processes such as hydrolysis and polycondensation reactions from metal 
and metalloid elements which are surrounded by ligands. The metal oxides are 
formed by connection of metal centers with either oxo (M-O-M) or hydroxo (M-OH-
M) bridges, thereby producing metal-oxo or metal-hydroxo polymers in solution as 
illustrated in Equations 2.2-2.4 (Simonsen & Søgaard 2010): 
 
W-OR + H2O = W-OH + ROH (hydrolysis)    2.2 
W-OH + OR-W = W-O-W + ROH (condensation)   2.3 
W-OH + HO-W = W-O-W + H2O (condensation)   2.4 
 
Sol-gel synthesis methods differ from other methods due to its unique properties 
such as the production of solid-state materials from homogenized chemical 
precursors and the ability to control the size and morphology of the particles they 
produce (Tseng et al. 2010). There are two types of sol-gel methods based on the 
type of reaction medium used, namely, aqueous sol-gel method which uses water 
as the reaction medium and non-aqueous sol-gel method which involves the use of 
organic solvent as reaction medium (Dimitriev et al. n.d.). Tungsten trioxide 
synthesized using sol-gel method was reported with defined structures (Prentice et 
al. 2006). 
 
2.6.3 Precipitation method 
 
Precipitation synthetic method for nanomaterials is mainly based on shape, size and 
composition control (Wu et al. 2019). This method was extensively studied and used 
because of its low operation cost, large scale use in industrial production and 
unsophisticated equipment needed (Sharma et al. 2016; Wu et al. 2019). High yields 
are produced, though the surface area of the powder is compromised due to 
production of irregular particle morphology, large particle size distribution and high 
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degree of agglomeration. WO3 nanoparticles were synthesized using this method 
on a polyethylene glycol (PEG) template as steric stabilizer to obtain polyhedral 
shapes (Luévano-hipólito et al. 2014). The nanoparticles exhibited high surface area 
and uniform shapes. 
 
2.7 Characterization techniques 
 
These techniques were used to analyze and confirm the successful formation of the 
materials synthesized in this project. Their theory and applications are discussed 
below. 
 
2.7.1 Powder X-ray diffraction spectroscopy (XRD) 
 
X-ray diffraction spectroscopy provides information about the material’s phase 
transition, crystallographic appearance and polymorphism. This technique can give 
information regarding unit cell dimensions and its used to determine the degree of 
crystallinity or amorphization of the sample material, which is performed on a finely 
ground and homogenized samples (Das et al. 2014; Kuzmin & Purans 2014). 
 
In principle, XRD is based on constructive interference of monochromatic X-ray 
irradiation and a crystalline sample (Das et al. 2014). The instrument consists of a 
cathode ray tube with a filament that upon heating generate X-rays to produce 
electrons. A voltage is applied to accelerate the produced electrons toward the 
target material. When conditions meet equation 2.5 known as Bragg’s law, a 
constructive interference occur when the incident rays interact with the samples 
material. In the Bragg’s law, n is an integer, λ is the wavelength, d is the spacing 
between two lattice points and θ is the incident beam angle (Jenkins 2000). 
 
nλ = 2d Sin θ         2.5 
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The characteristic X-ray spectra is produced when electrons have enough energy 
to move inner shell electrons of the target material at specific wavelength 
characteristic to target material (Cu, Fe, Mo or Cr). The monochromatic X-rays 
needed for diffraction are produced after filtering other X-rays by foils or crystal 
monochromators (Monshi et al. 2012). The most commonly used target material for 
single crystal diffraction is copper with CuKα radiation of 1.5418Å. 
 
The diffracted X-rays are detected, processed and counted by scanning the sample 
material through 2θ range to attain all diffraction directions of the lattice due the 
random material orientation. The diffraction peaks are converted to d-spacings 
thereby allowing sample identification due to compounds having a set of unique d-
spacings. The average particle size can be calculated from Debye Scherrer 
equation (equation 2.6); where D is the average particle size in nm, k is the 
dimensionless shape factor (0.9), λ is the x-ray wavelength, β is the line broadening 
at full width half maximum intensity (FWHM) and θ is the Bragg’s angle (peak 
position/2) (Monshi et al. 2012). 
 
D = kλ / β cos θ        2.6 
 
2.7.2 Raman spectroscopy 
 
This technique was named after Sir C.V. Raman who invented it (Joshi et al. 2008; 
Das & Agrawal 2011). Raman is a spectroscopic technique based on the elastic 
scattering of monochromatic light from a laser source. Raman spectroscopy 
technique is used to elucidate vibrational, rotational and other low frequency modes 
in a compound (Joshi et al. 2008). It gives compound fingerprint and can be used 
for solid, liquid and gaseous sample materials analysis. The electron cloud formed 
is polarized by incident photon that creates unstable excited virtual states which 
further stabilized when another photon is re-emitted to similar but not identical 
energy, phenomenon called the Raman Effect (Das & Agrawal 2011). 
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The Raman Effect is based on molecular polarizability (α) which determines the 
molecular deformations in electric field (E) (Das & Agrawal 2011; Warner & Butler 
1970). the Raman scattering intensity is proportional to the magnitude of 
polarizability of the compound. Since Raman techniques are dependence on the 
polarizability of electron cloud, they can analyze vibrational/rotational transitions. At 
room temperature, most molecules occur in the lowest energy vibrational level.  
 
Therefore, the energy of these states is determined by the frequency of the 
employed light source considering the virtual states are not real states of the 
molecules though made during electrons and laser interactions which causes 
polarization (Nakamoto & Brown 2003). Due to similar scatter of photons, the 
Rayleigh process becomes the most intense process because light returns to the 
same energy state since it does not involve energy change. 
Stokes scattering results from absorption of energy by molecule from the ground 
vibrational state m and promoted to a higher energy excited vibrational state (n) 
during Raman scattering process (Nakamoto & Brown 2003; Das & Agrawal 2011). 
Inversely, energy is transferred to the scattered photon when scattering occurs from 
the n states to the ground state m during a process called anti-stokes scattering.  
 
A shift in energy from the laser beam energy result in Raman scattering which is 
only shown as the Stokes spectrum. Therefore, a difference in the laser energy and 
the scattered energy corresponding to ground and excited vibrational states (n and 
m) indicate the Raman scattering that is expressed as cm-1 is an energy shift from 
the exciting radiation energy (Das & Agrawal 2011). 
 
2.7.3 Diffuse reflectance spectroscopy in the UV-Vis-NIR region (UV-Vis-
DRS) 
 
UV-Vis spectroscopy is an ultraviolet-visible light absorption dependent 
characterization technique of the electromagnetic radiation spectrum (Beale et al. 
n.d.; Sadeghzadeh-attar et al. 2018). The absorption region ranges from  
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190-700 nm of the electromagnetic radiation spectrum. The molecule electronic 
transitions occur in the material’s absorption range of the electromagnetic radiation 
spectrum.  
 
The molecule electronic transitions are measured by absorption of light from the 
ground state to the excited state. The absorbance of a solution of a material/sample 
increases when beam attenuation increases (Beale et al. n.d.). Therefore, the 
absorbance of a molecule is directly proportional to the path length (b), the 
concentration (c) of the absorbing material with the absorptivity (ε) following the 
Beer’s Law (equation 2.7). 
 
A = εbc         2.7 
 
Diffuse reflectance spectroscopy is used to measure the absorption spectra of a 
solid material. It allows for extrapolation of the wavelength range in which the 
material absorbs. Therefore, size and type of band gap (direct or indirect) can be 
calculated based on principle of discrete energy levels corresponding to allowed 
electron states possessed by semiconductors (Weckhuysen 2004; Zanjanchi et al. 
2006). Tauc relation equation 2.8 is then used to calculate band gap value. 
 
(αℎν) = A (ℎν – Eg)n        2.8 
 
Where α – the absorption coefficient 
 ℎν – the energy of the incident radiation 
 A – constant based on effective mass of electrons and holes 
 n – band gap transitions (direct, 0.5 or indirect, 2) 
 Eg – band gap of the semiconductor 
 
2.7.4 Transmission electron microscopy 
 
TEM is a characterization technique used to identify the morphology/shape of the 
nanoparticles or thin films such as metals, polymers, alloys, semiconductors and 
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composite materials (Zablotskii et al. 2013; Zhao & Yang 2010). TEM fields of 
applications include cancer research, virology and material sciences. It produces 
images when beam of electrons is transmitted on the sample (Joshi et al. 2008; 
Brillson 2016).  
 
The generated image is constructed on the photographic film or charge-coupled 
device (CCD) after sample and beam interaction and refraction around atoms 
(Abudayyeh 2014). Therefore, the information about the sample surface 
morphology is revealed. The nano-scale surface dopants such as metallic and/or 
crystalline elements can also be detected using TEM. This is because electron 
microscopes are capable of higher resolution imaging due to small de Broglie 
wavelength of electrons (Nanocomposix 2012). 
 
Available tool on TEM is surface area electron diffraction (SAED) which is used to 
visualize electron diffraction rings or spots corresponding to certain crystal 
polymorph (Joshi et al. 2008). The diffraction rings or spots obtained using SAED 
can be used in conjunction with X-ray diffraction spectroscopy (XRD) results as it is 
possible to correlate the ring size with known d-spacing of the crystal polymorph. 
The SAED image can further be processed in diffraction rings or spots identifier 
software such as Crystbox to identify the crystal planes corresponding to the 
diffraction rings or spots. 
 
2.7.5 Scanning electron microscopy 
 
SEM is one of the most versatile techniques used for microstructure morphology 
and chemical composition of material characterization (Joshi et al. 2008). It is used 
to study the surface morphology of the materials such as semiconductor 
photocatalyst and membranes, together with their size. SEM is an electron 
microscope which acquires images by scanning the signals produced from 
interactions between an electron beam and the sample specimen.  
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In the instrument, the interaction of the emitted high energy electron beam with the 
surface of the sample that emits counter (secondary) electrons that are captured by 
detectors and then transformed into an image. Either backscattering and/or 
diffraction backscattering results from the electrons emitted by the sample. Despite 
an image being two dimensional, a three-dimensional image results from the 
electrons (Martin 2015; Joshi et al. 2008). 
 
Energy dispersive X-ray spectroscopy (EDS) is a tool found in both SEM and TEM 
instruments for analyzing elements in the samples. It results in a spectrum of 
elements found in the sample and their ratios. The electron beams are used to excite 
electrons in the ground state in the sample and then are ejected, occurs both in 
SEM and TEM. Therefore, an electron from a higher shell fills a vacant in the ground 
state during a de-excitation process which results in an X-ray being emitted. The 
emitted X-ray is of energy equal to the difference between the two shells which is 
characteristic of individual elements (Joshi et al. 2008). 
 
2.7.6 Photoluminescence spectroscopy 
 
Photoluminescence spectroscopy is a non-destructive and contactless method to 
examine the electronic structure of materials. When the sample is subjected to light 
source in the instrument, it absorbs and imparts excess energy into the material 
during a process called photoexcitation (Kanellopoulos 2011). The energy can be 
dissipated by the sample through the emission of light, which is termed 
luminescence. In the case of photoexcitation, this luminescence is called 
photoluminescence. 
 
Photoexcitation causes electrons to move into a permissible excited state in the 
material. The electrons later return to the equilibrium states, whereby the excitation 
energy is released which may or may not include radiative or non-radiative 
processes of the emission of light (Figure 2.12) (Wu et al. 2014). The emitted light 
energy (photoluminescence) is related to the difference in energy levels between 
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the excited and equilibrium electron states involved in the transition. The amount of 
the emitted light is related to the radiative process relative contributions. 
 
 
Figure 2.13: A schematic representation for the mechanism in photoluminescence 
(Wu et al. 2014). 
 
An emission spectrum is produced when the excitation wavelength is fixed, and the 
emitted radiation is scanned. This occurs by selecting excitation wavelength by one 
monochromator and luminescence observed through the second monochromator 
positioned at 90 ⁰C to the incident light to minimize the intensity of the scattered light 
reaching the detector. Therefore, the spectral distribution of the PL from a 
semiconductor can be analyzed to determine non-destructively the material’s 
electronic band gap. Furthermore, concentration of local defects may be quantified 
from the photoluminescence energy associated with those local defects. 
 
2.7.7 Electrochemical Impedance Spectroscopy (EIS) 
 
The electrochemical impedance spectroscopy is a powerful technique to study the 
electrochemical reactions. The impedance spectroscopy (IS) is divided into two 
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categories namely, electrochemical IS and dielectric IS based on the material, 
device, or system under study (Scribner Associates n.d.; Stoynov et al. 2009).  
 
Dielectric IS involving the analysis of dielectric materials with mainly electronic 
conduction and electrochemical IS applies to materials with prevalent ionic 
conduction on the electronic one. Such systems are solid and liquid electrolytes, 
glasses and polymers. This technique has been largely employed in the study of 
corrosion or electrochemical and photoelectrochemical cells such as fuel cells, 
batteries or solar devices (Miguel et al. 2019). 
 
The EIS measurements are based on the application of AC voltage (or current, such 
as in galvanostatic EIS) to the system under study and on the AC current (voltage) 
analysis response as a function of frequency (Scribner Associates n.d.). The 
potentiostat and frequency response analyzers (FRA) are usually used to carry such 
measurements, either in 2- or 3-electrodes configuration. The electrodes 
configurations depend on the absence (2-electrodes) or the presence (3-electrodes) 
of a reference electrode (Stoynov et al. 2009). The reference electrode has known 
and fixed potential. 
 
2.7.8 Surface area, pore size and pore volume determination (BET) 
 
The surface area, pore volume and pore size of a material are widely measured 
using gas adsorption measurements techniques (Sing & Williams 2004). This is 
because most applications such as gas sensing and photodegradation of organic 
compounds are processes that occur on the surface of the material. To obtain these 
measurements, a standard method for surface area measurements called the 
Brunauer-Emmett-Teller (BET) theory is used (Sing 2001; Sing 2004).  
 
The BET theory describes the physisorption of the gas molecules on the surface of 
a solid material which results from the weak van der Waals forces. This theory was 
adapted from the Langmuir theory which describes the monolayer adsorption of a 
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gas on a solid material by extending the concept to allow multilayer adsorption 
calculated using equation 2.9 (Cui 2005.). 
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Where να is the volume of the gas adsorbed at standard temperature and pressure 
(STP), p and p0 are the partial vapor pressure and saturation pressure of the 
physisorbed gas (often N2), c is the BET constant and νm is the adsorbed gas 
quantity per volume to produce a monolayer. The BET constant is described by 
equation 2.10: 
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Where E1 is the first layer’s heat of adsorption and EL is the corresponding heat of 
adsorption for n layers > 1. Therefore, the BET specific surface area (SBET) is given 
by equation 2.11: 
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Whereby, ɑ is the mass of the powdered adsorbent, NA is the Avogadro’s number, 
S is the adsorption cross section of the powder and V is the molar volume gas (Cui 
2005). 
 
2.7.9 Thermogravimetric analysis (TGA) 
 
Thermos-gravimetric analysis (TGA) is an important analytical technique for 
determining compound’s characteristic changes under varying temperatures. It is 
most important for phase changes and condensation reactions in polymers 
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(Peterson et al. 2001; Gai et al. 2013). This technique monitors the mass of the 
sample as a function of temperature or time by subjecting the sample specimen to 
a controlled temperature program in a controlled atmosphere. 
 
TGA is used to monitors the mass of a solid or liquid material over temperature with 
high precision by measuring the mass difference due to evaporation or sublimation. 
The data obtained can then be plotted on a simple x-y curve; mass (as a percentage) 
versus temperature or time. Perkin Elmer (2010) explained that TGA constitutes of 
different compartments which are a sample pan that is supported by a precision 
balance in a furnace which is heated and cooled during the experiment (Perkin 
Elmer 1960). 
 
During the experiment, the sample mass is monitored while a gas is purged through 
the sample to control the sample environment. The gas may be inert or a reactive 
gas that flows over the sample and exits through an exhaust. The mass loss may 
be due to processes such as degradation and/or decomposition, vaporization of bulk 
liquids or liquids adsorbed by solids, sublimation, reduction of metal oxides to 
metals, and decomposition of gases. On a contrary, mass gain may be due to 
adsorption of gases, reaction of solids with reactive gases such as oxygen, chlorine 
and carbon monoxide (Peterson et al. 2001). 
 
2.7.10 Electrophoretic light scattering (ELS) 
 
The zeta potential value gives idea about the stability of the colloids and the degree 
of repulsion that exists between adjacent particles of the same charge (De Kanter 
et al. 2016). Zeta potential is a potential at a theoretical boundary surrounding the 
electrical double layer within which the liquid moves together with the particles. The 
electrokinetic properties therefore exists which are determined by an electrical 
charge distribution due to the electrical double layer surrounding the particle 
(Malvern Instruments n.d.). This happens when the particle is immersed in an 
electrolyte such as water, whereby an ionic particle becomes surrounded by counter 
ions with a positive to that at the surface.  
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The zeta potential is determined by the measurement of an electrokinetic effects 
observed when two phases (solid and liquid) move relative to each other achieved 
using micro-electrophoresis in conjunction with electrophoretic light scattering 
(Malvern Instruments n.d.). A specialized cuvette-type cell is used to hold the 
particle-electrolyte solution which is subjected to an applied oscillating electric field 
which causes the particles to move with velocity proportional to their zeta potential.  
 
The velocity is then measured by passing a laser beam through the cell, and the 
Doppler shift frequency observed is proportional to the dispersed particle’s mobility 
(Zhu et al. 2014). Upon determination of electrophoretic mobility by electrophoretic 
light scattering, the Smoluchowski equation 2.12 is employed to convert the 
obtained EPMs to zeta potential (Lin et al. 2009; Zhu et al. 2014). The Smoluchowski 
equation is defined as follows: 
 



          2.12 
 
Where µ is the electrophoretic mobility, ε is the dielectric constant of the solution, 
η, ζ is the viscosity and the zeta potential respectively. 
 
2.7.11 Fourier transform infrared spectroscopy (FTIR) 
 
This is an important spectroscopic characterization technique for detection and 
fingerprinting of covalent bonds and to check the presence of impurities and 
contaminants on the semiconductor photocatalysts surfaces (Series 2010). Though 
it is normally achieved using the infrared spectroscopy. It is used for chemical 
compound identification in variety of products including polymers, paints, consumer 
products, pharmaceuticals and foods.  
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It is easy to detect organic contaminants due to their intrinsic molecular complex 
(Haug et al. 2011). Though, photocatalysts pose few IR-active bonds because they 
are mainly crystalline consisting of simple molecular structures. Although, molecules 
that possess change associated with dipole moments because of vibration are IR 
active. 
 
FTIR possess abilities such as easy to use and understand and fast sampling, 
though its signal to noise ratio is high. FTIR analysis uses polychromatic light source 
and the beams first pass through Michelson interferometer splitting device (Joshi et 
al. 2008; Rosen et al. 2009). This results in a deliberate path shift followed by 
detector illumination after mixed interference beam of all wavelengths hit the 
sample. Beam retardation is caused by the moving mirror with real units within the 
interferometer.  
 
Therefore, the detector produces an interferometer; a fixed set of retardation values 
and a corresponding set of intensities. The position of the intensity of the absorption 
bands of a sample are exceptionally specific for a substance and can be used as a 
highly characteristic “fingerprint” for identification of photocatalysts (Rosen et al. 
2009). 
 
2.7.12 Liquid Chromatography-Mass spectroscopy (LC-MS) 
 
LC-MS is a coupled analytical technique used exclusively for the detection and 
structure elucidation of metabolites (Traldi et al. 2018). This arise from the all-time 
desire to couple MS and chromatographic techniques due to the sensitive and highly 
specific nature of MS compared to other chromatographic detectors. It was obvious 
to couple MS and LC, but there was no progress in the development for many years 
due to relative incompatibility of the existing MS ion sources with a continuous liquid 
stream (Pitt 2009).  
 
  Chapter 2: Literature Review 
52 
LC-MS own advantages such as high specificity and the ability to handle complex 
mixtures. Most of LC-MS instruments are fitted with electron spray ion source in the 
MS compartment.  
 
The mass spectrometers operation involves the conversion of the analyte molecule 
to a charged (ionized) state, therefore the ions and any other fragments ions 
produced during ionization process are analyzed based on their mass to charge 
ration (m/z) (Richardson & Postigo 2018). Different technologies are available for 
both ionization and ion analysis. Due to the versatility of some configurations the 
processes major types of ion sources and mass analyzers which are likely to be 
used in LC-MS systems have been developed and identified.  
 
Ion sources such as electrospray ionization (ESI), atmospheric pressure chemical 
ionization (APCI), and atmospheric pressure photo-ionization (APPI) have been 
found to be compatible in the LC-MS (Pitt 2009). Amongst them, electrospray 
ionization sources demonstrated its capability for LC interface and application to 
several important classes of biological molecules. It works well with moderately 
polar molecules and suited for many metabolites and xenobiotics analysis.  
 
Liquid samples are pumped through a metal capillary maintained at 3 to 5 kV and 
nebulized at the tip of the capillary to form a fine spray of charged droplets (Pitt 
2009). To minimize contamination, the capillary is placed orthogonal to, or off-axis 
from the entrance to the mass spectrometer. Under the application of heat and dry 
nitrogen, rapid evaporation of droplets occurs, and the residual electrical charge on 
the droplets is transferred to the analyte. Therefore, the ionized analytes are then 
transferred into the high vacuum of the mass spectrometer. The ion source and the 
subsequent ion optics are operated to detect either positive or negative ions and 
switching between the two modes within an analytical run (Richardson & Postigo 
2018). 
 
MS can be fitted with mass analyzers such as quadrupole, time-of-flight (TOF), 
hybrid, and ion trap analyzers. Quadrupole analyzers are the common mass 
analyzers used in GC-MS and LC-MS (Pitt 2009). Quadrupole analyzers operates 
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at <4000 m/z and scan speed of up to 1000 m/z per second. They can be set to 
monitor a specific m/z value by stepping the voltages.  
Therefore, this technique improves the detection limit of targeted analytes due to 
more detector time. The ions under collision induced dissociation which is ion 
fragmentation by collision with inert gas such as argon or nitrogen in a collision cell 
(Traldi et al. 2018). There are 4 quadrupole analyzers in an MS which the first and 
third can be simultaneously stepped to different m/z values and panels of the 
precursor/product ion pairs can be created to specifically detect many target 
analytes in a process called multiple reaction monitoring (MRM) commonly used in 
LC-MS (Richardson & Postigo 2018; Pitt 2009). 
 
The LC compartment is also a huge participator in the LC-MS application. This is 
because there are many factors involved in the LC operation that can affect the 
quality of the MS data. Those factors include the flow rate, mobile phase, resolution 
and through-put (Pitt 2009). These factors when set to the system optimum 
operation they yield better results. 
 
2.8 Conclusion 
 
Pollutants (organic, microbial, and humus) has been a concern to the environment 
due to their effects especially in water systems. This arise from their frequent 
detection in the environment at high levels, endangering life. These pollutants 
according to their classes have showed to affect a variety of species including 
human beings.  
 
Those pollutants include organophosphate pesticides such as chlorpyrifos widely 
used in agricultural activities. The effects of chlorpyrifos range from skin irritations, 
dizziness, shortness of breath and to death at most (especially in children). Human 
beings mostly suffer from the effects of these pollutants directly and indirectly.  
 
Methods of degrading these pollutants in water and wastewater have been 
employed. Those methods include biological (fungal and bacterial strains) and 
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chemical (chlorination, advanced oxidation processes) treatment. Advanced 
oxidation processes (AOPs) have been extensively studied for removal of pollutants 
in water. These processes use hydroxyl and superoxide radicals as reactive species 
towards pollutant degradation. Such AOPs include Fenton process and 
photocatalysis. Photocatalysis is the most studied advanced oxidation process, 
which uses a semiconductor catalyst under light irradiation. The pristine 
semiconductor catalysts (such as WO3 and SnS2) have limitations such as 
photogenerated charge recombination and UV light absorption. Therefore, 
modification to improve the photocatalytic activity of the semiconductor catalysts 
include doping with metal, nonmetal and another semiconductor catalyst.  
 
Tungsten trioxide (WO3) is a stable, visible light absorbing photocatalyst suitable for 
organic pollutant removal due to a more positive valence band edge. It suffers from 
photogenerated charge recombination. Modification using SnS2 to form a 
heterojunction improve charge separation. 
 
Methods for synthesis of these nanomaterials include sol-gel, precipitation and 
hydrothermal synthesis. Tungsten trioxide synthesized with hydrothermal method 
has illustrated efficiency towards organic pollutants degradation when doped with 
metal or nonmetal or another photocatalyst.  
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CHAPTER 3: 
EXPERIMENTAL PROCEDURE 
 
3.1 Materials and methodology 
 
3.1.1 Materials 
Tungsten boride (WB) (≥97.0%), Tin(IV) chloride pentahydrate (SnCl4.5H2O, 
(98%)), Manganese(II) chloride tetrahydrate (MnCl2.4H2O, (≥98%)), nitric acid 
(≥65% puriss), Poly (vinylidene Fluoride) (PVDF), N-Methyl-2-pyrrolidone (NMP), 
silver paste, sodium sulfate (Na2SO4), silver/silver chloride (Ag/AgCl) electrode, 
sodium sulfide (Na2S), chlorpyrifos (PESTNATAL, 99.9%) were all supplied by 
Sigma Aldrich. The chemicals were used as received. 
 
3.2 Methodology 
 
3.2.1 Synthesis of nanoparticles 
 
Pristine WO3 NPs were synthesized following method by Xie et al. (2012) with slight 
modification (Xie et al. 2012). Tungsten boride (4.12 mmol) was dissolved in 1 M 
HNO3 (56.0 mL) under constant stirring, then transferred into a 100.0 mL Teflon 
lined stainless steel autoclave. The autoclave was heated in an oven at 190°C for 
12 hours where a yellow solution was obtained. The yellow solution was further 
centrifuged (3 times at 1000 rpm for 10 minutes), washed 3 times with 30 mL of 
deionized water and dried at 100°C for 12 hours in an oven resulting in a yellow 
solid product of WO3.  
 
The same procedure was followed to obtain Mn-WO3 via one pot synthesis of 
MnCl2.4H2O (10.00 mmol) with WB (4.12 mmol) in 56.0 mL HNO3 (Parthibavarman 
& Prabhakaran 2017).  
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Pristine SnS2 NPs were synthesized by dissolving 2.73 mmol of SnCl4.5H2O in 40.0 
mL of deionized water under continuous stirring at 60°C for 10 minutes. Thereafter, 
Na2S (2.73 mmol) was added to the solution and stirred for 10 minutes. The final 
mixture was then transferred into a 100.0 mL Teflon lined stainless steel autoclave 
and heated at 180°C for 12 hours. The resultant solution was then centrifuged 3 
times at 1000 rpm for 10 minutes, washed 3 times with 30 mL deionized water and 
dried at 100 °C for 12 hours to obtain SnS2 nanoparticles.  
 
The heterojunction WO3/SnS2 was synthesized stepwise using a hydrothermal 
method (Li et al. 2014). The first step was adapted from the method for synthesizing 
pristine WO3 and followed by the synthesis of SnS2 NPs on the surface of dispersed 
WO3 NPs in 40.0 mL of deionized water. The SnS2 synthesis was adopted from the 
method of pristine SnS2 NPs to obtain the heterojunction (WO3/SnS2). 
 
Furthermore, the synthesis of Mn doped WO3/SnS2 heterojunction was carried out 
using hydrothermal treatment in a multistep method. Firstly, MnCl2.4H2O (10.0 
mmol) and tungsten boride (4.12 mmol) were dissolved in 1 M HNO3 (56.0 mL) 
under constant stirring, then followed the same procedure as in the synthesis of 
WO3 to obtain yellow solid product of Mn-WO3. 
 
The Mn-WO3 (1.74 mmol) nanoparticles was dispersed in 40.0 mL of deionized 
water under continuous stirring and heat at 60°C. This was followed by the synthesis 
of SnS2 NPs on the surface of Mn-WO3 NPs adopted from the method of pristine 
SnS2 nanomaterials to form Mn-doped WO3/SnS2 heterojunction composite 
nanoparticles. The heterojunction was obtained via hydrothermal treatment method 
at 180ºC for 12 hours. 
3.3. Characterization techniques 
 
The synthesized nanoparticles phases were characterized using powdered X-ray 
diffraction (XRD) (X’Pert Phillips) with CuKα radiation (0.1540 nm) monochromator 
beam in 2θ scan range from 20-80°. The instrument power settings used were  
40 kV and 40 mA with a step size 2θ (0.0080) and scan step time of 0.0170 (2θ) 
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87.63s. The average crystallite size was calculated using Debye Scherrer’s equation 
(3.1):   
𝐿 =
𝐾𝜆
𝛽𝑐𝑜𝑠𝜃
      (3.1) 
Where, β is the full width at half maximum, λ is the X-ray wavelength (0.1541 nm) 
for CuKα, K=0.89, and θ is the diffraction angle. Raman spectroscopy (Raman Micro 
200, Perkin Elmer) with a single monochromotor, a holographic notch filter and 
cooled TCD was used to determine the polymorphic of the phase of NPs vibrational 
and structural characteristics. The excitation was employed with a 514.5 nm Ar+ 
line. The power output used was below 0.5 mW at 4.0 seconds exposure time in 
dark field spectrum.  
 
The morphological properties of the NPs were examined using high resolution 
transmission electron microscopy (HRTEM) (JOEL-TEM 2010) at an acceleration 
voltage of 200 kV.  The ethanol (10 mL) dispersed nanoparticles (0.003 g) were 
deposited on carbon coated copper grid. Furthermore, selected area diffraction 
(SAED) images of the nanoparticles were captured and indexed using Crystbox 
software (Klinger, 2014). Field emission scanning electron microscope (FESEM) 
(TESCAN Vega TC instrument with VEGA 3 TESCAN software) coupled with 
energy dispersive X-ray (EDS) operated at 5.0 kV under nitrogen gas atmosphere 
was used to further study the morphology of the NPs and elemental composition.  
 
Optical properties were investigated using UV spectrophotometer (Shimadzu UV-
2450) using diffuse reflectance mode (DRS). BaSO4 was used as reference. The 
band gap (Eg) of the nanomaterials, a graph of (αhν) against photon energy (hν) 
was extrapolated following equation (2): 
 
αℎν = A (ℎν – Eg)n/2                (3.2) 
 
where α is the absorption coefficient, hν is the energy of the incident photon, A is a 
constant, and Eg is the bandgap energy. The value of n depends on semiconductor 
transition type, which are direct transition when n equals to 1 and indirect transition 
when n equals to 2. To measure the change in the position of the potential of valence 
band (Evb) and conduction band (Ecb) equations (3) and (4) were used: 
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Ecb =  - Eº - 0.5Eg                (3.3) 
Evb = Ecb + Eg                (3.4) 
 
Where, Ecb and Evb are the conduction and valance band edge potentials,  is the 
electronegativity of the semiconductor (the geometric mean of all the constituent 
atom’s electronegativities), E is the energy of free electrons on the hydrogen scale 
(4.5 eV), and Eg is the band gap of the semiconductor.  
 
The photoluminescence spectra of the nanomaterials were obtained using 
PerkinElmer Fluorescence spectroscopy (Model LS 45). A 300 W xenon lamp was 
used as a light source. 0.003 g of the nanoparticles was dispersed in 100 mL 
deionized water for all the samples. 2 mL aliquot was transferred to a PL vial for 
measurements. The spectra were obtained at an excitation wavelength of 319 nm 
at room temperature. The excitation and emission wavelengths were set at 319 nm 
and 605 nm, respectively.  
 
Surface area and pore volumes were performed using Brunauer-Emmett-Teller 
Surface isotherm (SBET). The isotherms were obtained by nitrogen adsorption in a 
Micrometric ASAP 2020. The samples were degassed before the analysis at 100°C 
for 10 hours. The relative pressure (P/Po) used was 0.980 for nitrogen adsorption 
volume during determination of pore volume.  
 
Surface charge measurements were obtained using electrophoretic light scattering 
(ELS) by a Zetasizer NanoZS (Malvern) instrument. Zeta potential measurements 
were obtained using the Electrophoretic light scattering (ELS) to understand the 
surface charge of the nanomaterials as a function of pH of the solution. The 
nanomaterials were suspended into 30 mg/L in deionized (DI) water. The pH of the 
suspensions was adjusted to pH range of 2-10 using 1M NaOH and 1M HCl. 
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3.4 Preparation of chlorpyrifos standards 
0.01 g of chlorpyrifos was dissolved in 1000 mL of deionized water in 1000 mL 
volumetric flask. Serial dilution was performed to prepare 75, 50, 25, 12.5, 6.25, 
3.125 ppb. This was done by taking 1 mL of the previous solution and transferred 
into 2 mL LC-MS vial and 1 mL of deionized water was added. This was done until 
3.125 ppb solution was obtained. The pH of the solutions was measured to be 5.78. 
3.5 Photocatalytic activity 
Photocatalytic activity of the nanomaterials was tested through photodegradation of 
chlorpyrifos in synthetic water samples under visible light irradiation (Photoreactor, 
Lelesil Innovative Systems). The volume of the working solution was kept at 500 mL 
of chlorpyrifos solution. Initially, the concentration of chlorpyrifos solution was 1 ppm 
and photocatalyst loading of 0.1 g was used at pH 5.8. The photodegradation 
reaction occurred under continuous magnetic stirring for 90 minutes under regulated 
temperatures of 20-25ºC subjected to a cooling jacket using ice cubes.  
 
The photocatalyst suspension containing chlorpyrifos was kept in the dark for  
30 minutes before irradiation to allow equilibration. The samples were collected from 
the batch reaction before and after irradiation in a set of time intervals (10 minutes, 
10 mL aliquot) and filtered through a 0.45 µm PTFE membrane filter and transferred 
into a 2 mL LC-MS sample vial for analysis. The photocatalyst that degraded high 
concentration of chlorpyrifos was chosen to be Mn-WO3/SnS2 photocatalyst. 
 
Furthermore, optimization of reaction conditions such as pH, initial chlorpyrifos 
concentration and initial photocatalyst loading were carried out. Therefore, the pH 
of the chlorpyrifos solution was adjusted to (3, 5.8, 7, 9), initial concentration of the 
pesticide (chlorpyrifos) to (100 ppb, 1 ppm, 5 ppm, 10 ppm and 20 ppm) and 
photocatalyst loading to (0.1 g, 0.5 g, 1 g and 2g).  
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Therefore, the filtered samples were analyzed using a triple quad UHPLC-MS/MS 
8030 (Shimadzu Corporation) to monitor the removal of chlorpyrifos. The LC-MS/MS 
was fitted with Nexera UHPLC upgrade with capability to obtain 500 multiple 
reaction monitoring readings per second. The oven was equipped with a RaptorTM 
ARC-18 column (Restek Corporation) with 2.7 μm pore diameter, length 100 mm x 
2.1 mm maintained at 40ºC. The mobile phase consisted of 0.1% formic acid in ratio 
of ultrapure water:methanol ( 9:1 %, v/v) at flow rate of 0.200 mL/min of 10μL 
injection volume. The ion source was electrospray ionization (ESI) and was 
operated at positive mode. The LC and MS/MS data for degradation intermediates 
was obtained after full scan mode was ran for 12 minutes at flow rate of 0.3 mL/min. 
 
The percentage removal of chlorpyrifos in the synthetic water samples was 
calculated using equation 3.5 below: 
 
% 𝑐ℎ𝑙𝑜𝑟𝑝𝑦𝑟𝑖𝑓𝑜𝑠 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 = (1 +
𝐶
𝐶0
) × 100    (3.5) 
Where Co is the initial concentration and C is the final concentration of chlorpyrifos. 
The degradation products were determined by analyzing the samples for a period 
of 60 minutes. The degradation pathway was then deduced from the mass/ion ratio 
obtained from the MS spectrum. The reaction kinetics of chlorpyrifos degradation 
were studied and second order model fitted the results and the plot based on the 
calculated (1/[C]) versus reaction time was obtained. 
1
[𝐶]𝑡
= 𝑘𝑡 +
1
[𝐶]0
        (3.6) 
Whereby, k is the rate constant, t is time taken for reaction, [C]t is the concentration 
of chlorpyrifos when time equal to t, and [C]0 is the initial concentration of 
chlorpyrifos. The reaction rate is thus given by Equation 3.7: 
 
𝑟𝑎𝑡𝑒 = 𝑘[𝐶]2         (3.7) 
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CHAPTER 4: 
SYNTHESIS AND CHARACTERIZATION OF A MULTICOMPONENT 
Mn-WO3/SnS2 COMPOSITE SYSTEM* 
*Part of the work presented in this chapter has been submitted for publication in a  
peer-review journal. 
4.1 Introduction 
 
Fabrication and modification of photocatalysts has sparked interests amongst 
researchers due to their wide applications. Photocatalysts are used in applications 
ranging from water splitting, degradation of pollutants in water, gas sensing and 
optoelectronic devices (Dong et al. 2017).  
 
These can be n-type (electrons are major charge (carriers) or p-type (holes are 
major charge carriers) photocatalysts (Marschall 2014). The most studied 
photocatalysts are TiO2, WO3 (n-type) and ZnO, CdS (p-type) degradation of organic 
and inorganic pollutants in water (Xie et al. 2012; Mahlalela et al. 2017). The 
photocatalytic efficiency of these materials is limited to certain extend, primarily, due 
to two major limitations.  
 
Firstly, they are prone to fast electron-hole recombination which reduces the 
photocatalytic reactivity of the semiconductor. Lastly, they have wide band gaps that 
only absorb in the ultraviolet (UV) region which accounts to 4% of the solar spectrum 
(Batzill 2011).  
 
Modification of photocatalyst to suit specific applications have been proposed. 
These include the use of metal dopants to form Schottky barriers and the fusion with 
other semiconductor photocatalysts resulting in heterojunctions (Marschall 2014). 
Metal dopants that have been employed include magnesium (Mg) (Harshulkhan & 
Velraj 2017), manganese (Mn) (Parthibavarman & Prabhakaran 2017), copper 
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(Cu)(Lu et al. 2016) and yttrium (Y) (Yamamoto et al. 2016) which resulted in 
improved photoactivity of the pristine photocatalyst.  
 
Metal doping of photocatalysts shifts the bandgap of the material to absorb the 
readily available visible region of the solar spectrum. They also separate 
photogenerated charges by forming electron traps. Though, high concentration of 
the metal dopant may result in the creation of recombination centers which leads to 
increased recombination rate.  
 
Heterojunction is an interface between two photocatalysts materials with different 
band gaps to result in a more enhanced optical and photocatalytic properties 
towards pollutant removal by probing the limitations of the pristine photocatalysts. 
Heterojunctions reported so far with enhanced optical and photocatalytic properties 
include BiVO4/WO3 (Chae et al. 2017), CdS/ZnO (Velanganni et al. 2018) and 
TiO2/SnO2 (Afuyoni et al. 2011; Shaposhnik et al. 2011).  
 
The formation of heterojunction using a different photocatalyst is sufficient to reduce 
recombination rate of photogenerated charges. This occurs by accumulation of 
photoexcited electrons in the conduction band (CB) of one semiconductor while 
photogenerated holes accumulate in the valence band (VB) of another 
semiconductor in the heterojunction system which effectively lead to charge 
separation.  
 
Therefore, photo-oxidation and photo-reduction occur on different semiconductor 
surface of the heterojunction system due to different migration points of the 
photogenerated charges (Tang et al. 2015). The photogenerated charges move 
across the interface due to contact established for charge transfer netween the two 
photocatalysts. 
 
Tungsten trioxide (WO3) is a visible light photocatalyst with band gap energy of  
2.5-2.8 eV (Simelane et al. 2017). It is classified as n-type semiconductor whereby 
electrons are the major carriers. Due to its narrow bandgap, WO3 absorbs light 
Chapter 4: synthesis and characterization of a multicomponent Mn-WO3/SnS2 composite system 
80 
radiation in the visible range, and it has been used in wide range of applications 
such as fuel production, and combating water pollutants (Georgaki et al. 2015; 
Székely et al. 2016). This semiconductor exists in different polymorphs, which 
include monoclinic, triclinic, tetragonal and orthorhombic. The monoclinic phase of 
WO3 is the most stable, easily obtained and most photocatalytic than all the other 
phases. The VB potential of WO3 is more positive to oxidize a wide variety of organic 
pollutants. 
 
Tungsten trioxide (WO3) suffers from limitations such as high electron-hole charge 
recombination. To overcome the intrinsic limitation of pristine WO3, different ways 
have been used including metal doping and another semiconductor photocatalyst 
to form a heterojunction (Chae et al. 2017; Joshi et al. 2011; Cai et al. 2016).   
  
However, this chapter reports the synthesis and characterization of WO3 
photocatalyst material that fuses metal doping and heterojunction (Mn-WO3/SnS2) 
that exhibit improved optical properties and minimized electron-hole recombination 
compared to the current/individual photocatalysts.  
 
Owing to tin (IV) disulfide (SnS2) high electron mobility through Sn-S bond, it will 
effectively facilitate electron transfer to WO3 CB upon illumination. Therefore, 
separation of electrons and holes will be established. The Mn2+ ion will be placed 
on the fermi level of WO3 therefore separate charges by trapping electrons from 
returning to the VB in WO3 thereby increasing their lifetime. Metal dopants can also 
act as reaction centers. This photocatalyst can be applied in water remediation, 
energy production and sensing. In this work, the photocatalytic efficiency of Mn-
WO3/SnS2 was tested for photodegradation of organophosphate pesticide called 
chlorpyrifos in water and the photocatalytic activity was reported in Chapter 5.  
 
To the best of our knowledge no work has been reported that focused on metal 
doped WO3 nanoparticles fused heterojunction (Mn-WO3/SnS2) photocatalysts so 
far.  
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4.2 Characterization of nanomaterials 
 
4.2.1 X-Ray Diffraction 
 
The phase and crystallographic properties of the nanomaterials were elucidated 
using XRD and Raman spectroscopy.  
 
Figure 4.1(a) shows the XRD pattern of WO3 which confirm a monoclinic nature of 
the WO3 (m-WO3). The m-WO3 was indexed and matched to the indices (002), 
(020), (200), (120), (112), (022), (202), (122), (222), (004), (040), (400), (042), (420) 
(JCPDs no.00-043-1035).  
 
Doping the m-WO3 with Mn2+ did not distort the phase of WO3, which infers it had 
been intrinsically inserted into WO3 crystal lattice as depicted in Figure 4.1(b). There 
was a slight decrease in crystallite size due to the insertion of manganese in the 
lattice and no additional peaks corresponding to Mn due to low doping concentration 
(Appendix 1). The heterojunction between WO3/SnS2 was successfully confirmed 
as the hexagonal phase (ICDD no.00-023-0677) of SnS2 could be indexed in Figure 
4.1(c), indices represented by harsh (#).  
 
Again, the structural integrity of manganese fused WO3/SnS2 heterojunction (Figure 
4.1(d)) was not distorted by the incorporation of Mn2+ in the system as the indices 
corresponding to WO3(*) and SnS2(#) were observed. The pristine hexagonal phase 
of SnS2 was successfully formed confirmed by a high intensity characteristic peak 
001 at 15.01º.   
 
The average crystallite sizes of the nanomaterials were obtained using Debye-
Scherrer’s equation and are tabulated in (Appendix 1), all with an average of 40 
nm, with SnS2 having a crystallite size less than 20 nm. 
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Figure 4.1: XRD patterns of (a) WO3, (b) Mn-WO3, (c) WO3/SnS2, (d) Mn-
WO3/SnS2, and (e) SnS2. 
 
4.2.2 Raman analysis 
 
The nature of the phases was further confirmed with Raman analysis. Figure 4.2(a) 
illustrates Raman bands at 717 and 818 cm-1 and less intense 212 and 313 cm-1 
corresponding to O-W-O stretching and bending in the molecule, respectively, which 
confirms a monoclinic WO3. As in XRD analyses, the doping of Mn2+ had no effect 
on the phase of WO3 as depicted in Figure 4.2(b). No secondary bands resulting 
from Mn-oxides were observed which implies that the Mn ion was intrinsically 
inserted into the lattice of WO3 at low concentration.  
 
The heterojunction (WO3/SnS2) was successfully formed as confirmed by Raman 
band at 317 cm-1 corresponding to A1g mode of nanosized hexagonal phase SnS2 
and bands corresponding to WO3 (Figure 4.2(c)). Figure 4.2(d) displays Raman 
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band of Mn-WO3/SnS2 with no distortion due to Mn2+ and SnS2. Therefore, Figure 
4.2(e) corresponds to the pristine hexagonal phase of SnS2 due to the A1g band at 
317 cm-1. 
 
 
Figure 4.2: Raman spectra of (a) WO3, (b) Mn-WO3, (c) WO3/SnS2, (d) Mn-
WO3/SnS2, and (e) SnS2. 
 
4.2.3 Morphological studies 
 
The morphological studies were conducted using microscopic techniques such as 
FESEM and HRTEM. Figure 4.3(a) is the FESEM image of pristine m-WO3 with 
rectangular sheets, rods and cubes, and the composition was confirmed by EDS 
(Figure 4.3 (b)). This morphology was also observed by Xie et al. 2012 for materials 
synthesized using the same synthetic route. The HRTEM image (Figure 4.3(c)) 
confirmed the rectangular sheets and rods, and the corresponding SAED image 
displays spots obtained through 1-10 zone axis corresponding to 002, 112, 220 and 
11-2 indices (Figure 4.3(d)) also observed in XRD spectrum for m-WO3. 
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Figure 4.3: (a) FESEM image, (b) EDS spectrum, (c) HRTEM image and (d) SAED 
image of pristine WO3. 
 
The pristine SnS2 morphological analysis shows rod-like structures as seen on 
FESEM and HRTEM images (Figure 4.4 (a) and (c)). The EDS spectrum shows Sn 
and S in the material composition (Figure 4.4 (b)). Furthermore, the SAED image 
(Figure 4.4 (d)) obtained through 002 zone axis illustrates ring indices 
corresponding to 110, 014, 012 and 004 planes like indices observed on XRD. This 
result supports the data obtained in Figure 4.1 (e). 
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Figure 4.4: (a) FESEM image, (b) EDS spectrum, (c) HRTEM image and (d) SAED 
image of pristine SnS2. 
 
Furthermore, the shapes of the nanomaterials did not change upon insertion of Mn2+ 
and the formation of the heterojunction as illustrated in Figure 4.5(a)-4.6(a). The 
EDS spectra displayed the elemental composition of the respective heterojunctions 
(WO3/SnS2) and Mn-WO3/SnS2 (Figure 4.5(b)-4.6(b)). All atoms were present at 
appropriate quantities and proportion.  
 
The HRTEM images (Figure 4.5(c)-4.6(c)) displayed rectangular rods and sheets 
in reference to Figure 4.3(c) which implies that no shape distortion through metal 
doping and formation of heterojunction occurred.  
 
The SAED image (Figure 4.5(d)-4.6(d)) displays rings and spots characteristic to 
monoclinic and hexagonal phase WO3 and SnS2 respectively. Furthermore, SAED 
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image illustrates spots (202, 200) and ring (101, -103) indices corresponding to WO3 
monoclinic phase and SnS2 hexagonal phase respectively, captured through 0-10 
zone axis using Crystbox software (Klinger 2017) (Figure 4.6(d)). This further 
support the formation of heterojunction as XRD and raman agrees. 
 
All the SAED indices corresponds to the reported XRD patterns which further 
confirms the successful formation of our respective nanomaterial. 
 
 
Figure 4.5: (a) FESEM image, (b) EDS spectrum, (c) HRTEM image and (d) SAED 
image of WO3/SnS2. 
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Figure 4.6: (a) FESEM image, (b) EDS spectrum, (c) HRTEM image and (d) SAED 
image of Mn-WO3/SnS2. 
 
4.2.4 Optical properties 
 
The ultraviolet-visible spectroscopy in diffuse reflectance mode was used to 
determine the optical properties of the synthesized nanoparticles.  
 
All the synthesized nanomaterials showed absorption in the visible region which is 
in abundance. Pristine m-WO3 displayed a band gap of 2.71 eV with a 
corresponding absorption wavelength of 466 nm as showed in Figure 4.7(a). The 
value obtained agrees with the value reported by Simelane et al, 2016.  
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The insertion of Mn2+ in the m-WO3 lattice introduced impurities in the fermi level 
below the conduction band promoting the WO3 to red-shift on the spectrum (Figure 
4.7(b)). The band gap of WO3 was reduced upon the insertion of Mn and further 
after the formation of a heterojunction with SnS2 (Figure 4.7(a-e)). This result was 
also observed by Abhudhahir & Kandasamy 2015. 
 
The Mn fused heterojunction (Mn-WO3/SnS2) had the lowest band gaps (2.08 eV 
and 2.34 eV) amongst other nanomaterials (WO3, SnS2, Mn-WO3 and WO3/SnS2) 
which corresponds to high light absorption wavelength (red-shift) (Li et al. 2014) 
(Figure 4.7(e)). This was due to visible light absorption enhancement by both Mn 
ion and SnS2. The two smoothly connected peaks indicate a continuous optical 
absorption between two interfaced photocatalysts in the heterojunction. 
 
Figure 4.7: Absorption edge and the corresponding tauc plot (band gap) of (a) WO3, 
(b) Mn-WO3, (c) SnS2, (d) WO3/SnS2 and (e) Mn-WO3/SnS2. 
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Figure 4.8 diagram illustrates the change in band edge potentials of the synthesized 
semiconductor photocatalysts. The calculated band edges were obtained using 
equations 3 and 4.  
 
There was a small decrease in band edges (Ecb and Evb) during the introduction of 
Mn and fusion with SnS2 (Mn-WO3/SnS2) due to the lattice strain induced by Mn ion 
and SnS2. The Ecb shifted to more positive (by 0.2 eV) and the Evb moved to less 
positive potential (by 0.2 eV). This was due to the insertion of an ion with high ionic 
radius which reduces the band gap by pulling the band edges closer by electrostatic 
forces. The change in the band edges enhance the absorption wavelength of the 
material.  
 
The heterojunction (Mn-WO3/SnS2) enhance charge separation by the movement 
of electrons from SnS2 CB to WO3 CB through the interface, thereby leaving holes 
in the VB of SnS2. This effectively separate the electrons and holes as they 
accumulate in CB of WO3 and VB of SnS2 respectively.  
 
 
 
Figure 4.8: Diagram showing band edges of (a) WO3, (b) SnS2, (c) Mn-WO3, (d) 
WO3/SnS2, and (e) Mn-WO3/SnS2 photocatalysts. 
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4.2.5 Electrochemical measurements 
 
The electrochemical impedance measurements were conducted to study the 
interfacial reactions occurring between the photo electrode and the electrolyte. 
Figure 4.9(a) illustrates the EIS spectrum with a suppressed semicircle with a large 
diameter. At low frequency, the current density is in phase with the potential 
deviation of the system resulting in a straight line at an angle of 45° to the x-axis. 
The semicircle at high frequency corresponds to the high charge transfer impedance 
of WO3. This implies high electrode-electrolyte charge transfer impedance which 
relate to high charge recombination rate as observed in Figure 4.9(a).  
 
The charge transfer impedance was reduced after WO3 was doped with Mn2+ ion 
(Figure 4.9(b)) due to reduced charge recombination rate. This was alluded to Mn2+ 
ion acting as charge collection site thereby serving as electrical conductive pathway 
allowing ion/electron mobility on the electrode (Parthibavarman & Prabhakaran 
2017).  
 
The small diameter of the semicircle of Mn-WO3/SnS2 spectrum indicate decreased 
electrode-electrolyte charge-transfer resistance/impedance compared to 
WO3/SnS2, Mn-WO3, SnS2 and WO3 in the 0.1 M Na2SO4 electrolyte. The sloping 
straight line in the low-frequency region corresponds to oxygen diffusion within the 
electrode (Figure 4.9(a)).  
 
The low charge resistance of Mn-WO3/SnS2 arises from the enhanced charge 
carrier separation brought by the Mn2+ ion dopant and SnS2 semiconductor 
heterojunction with WO3. The charge resistance and recombination rate decreased 
from WO3, Mn-WO3, SnS2, WO3/SnS2 up to Mn-WO3/SnS2 (Figure 4.9(a) - (e)).  
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Figure 4.9: The Electrochemical impedance spectra (Nyquist plot) of (a) WO3, (b) 
Mn-WO3, (c) SnS2, (d) WO3/SnS2 and (e) Mn-WO3/SnS2 vs. (Ag/AgCl). 
 
The equivalent circuit models (Figure 4.10) corresponding to the graphs show that 
the impedance was a contribution of three forms of resistance. The solution and 
electrode resistance are due to the film compost of the nanomaterials, and charge-
transfer resistance occur at the electrolyte-electrode interface.  
The Warburg impedance is due to solid-state ion diffusion during the 
electrochemical reaction. It is usually apparent by the 45º angle at low frequencies. 
Different slopes of the straight line part at low frequency indicates that the electrodes 
have different Warburg impedances and solid-state ion diffusion behaviors. 
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Figure 4.10: Randles circuit models corresponding to (a) WO3 and Mn-WO3, (b) 
SnS2, WO3/SnS2 and Mn-WO3/SnS2. 
 
R1 is the solution resistance, R2 is the thin layer resistance, R3 is the charge 
transfer resistance, W2 is the Warburg resistance and Q1, Q2 and Q3 are the 
constant phase elements (Figure 4.10). The Warburg impedance relates to 
electrode surface reactivity towards reactive species present in the solution, which 
favors photocatalytic activity by utilizing the separated charges during the reaction 
and consequently, reduce charge recombination. The Warburg impedance slope 
also indicate the reactivity of the nanoparticles, which favors photocatalytic activity. 
The charge transfer impedance was 631.80, 498.50, 310.55, 173.65 and 157.16 Ω 
for WO3, Mn-WO3, SnS2, WO3/SnS2 and Mn-WO3/SnS2 respectively. This implies 
that Mn-WO3/SnS2 will have high charge mobility, low charge recombination and 
high photocatalytic activity amongst other photocatalysts. 
 
4.2.6 Photoluminescence Spectroscopy (PL) 
 
Photoluminescence spectroscopy (PL) measure the energy distribution of emitted 
photons intensity of the electrons to understand charge recombination rate of the 
material. The emission intensity was obtained by firstly exposing the nanoparticles 
to radiation at excitation wavelength of 319 nm at room temperature (Figure 4.11) 
(Abhudhahir & Kandasamy, 2015). The emission peaks between 585-625 nm are 
(a) 
(b) 
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due to oxygen vacancies for WO3 and different luminescent centers such as defect 
energy levels arising from manganese interstitials (Figure 4.11(a)-(b)). High value 
of emission intensity corresponds to high charge recombination rate and low 
emission intensity correspond to low charge recombination rate. The pure (WO3 and 
SnS2) and doped WO3 have strong and wide emission spectrum in the wavelength 
range of 585-625 nm with the excitation wavelength of 319 nm. 
 
The findings in section 4.2.5 are supported by photoluminescence (PL) 
measurements (Figure 4.11(b)) whereby WO3 have high emission peak which 
corresponds to high charge recombination and it was reduced by the introduction of 
Mn and fusion with SnS2 (Figure 4.11(e)) (Govindan et al. 2018). The Mn ion acts 
as electron trap/sink which assist with separation of photogenerated charges. The 
SnS2 forms an interface with WO3 which further assist in separation of the 
photogenerated charges by movement from one photocatalyst to another through 
the interface contact.  
 
The Mn-WO3/SnS2 had low emission peak on PL corresponding to low charge 
recombination which implied that charges will be effectively separated for utilization 
during photocatalytic applications. This is alluded to longer charge lifetime on the 
surface of the photocatalyst thereby minimizing the electron-hole recombination. 
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Figure 4.11: Photoluminescence spectra of (a) WO3, (b) Mn-WO3, (c) SnS2, (d) 
WO3/SnS2, (e) Mn-WO3/SnS2 at excitation wavelength of 319 nm. 
 
4.2.7 Linear Sweep Voltammetry (LSV) 
 
The photocurrent density of WO3 observed was improved upon introduction of Mn2+ 
and SnS2 up to 0.030 mA/cm2 for Mn-WO3/SnS2 NPs (Figure 4.12(c)). This implied 
that there was high electron flow between the photocatalyst and the electrolyte 
produced from the photocatalyst upon light irradiation. Mn2+ acts as an electron sink 
and reaction side which in turn supplies electrons for interfacial reactions and SnS2 
helps in the production of electrons and their separation from holes which increases 
the current density. The composite (Mn-WO3/SnS2) showed high current density 
which implies that photogenerated charges are found on the surface of the catalyst 
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and are easily accessible for photocatalytic activity, therefore, recombination is 
reduced. 
 
Figure 4.12: Linear sweep voltammetry of (a) WO3, (b) Mn-WO3, (c) SnS2, (d) 
WO3/SnS2 and (e) Mn-WO3/SnS2 vs. (Ag/AgCl). 
 
4.2.8 Mott-Schottky analysis (M-S) 
 
Mott-Schottky plots was used to study the interfacial capacitance of the 
nanomaterials. The positive slopes obtained from Figure 4.13 confirmed that the 
nanomaterials are all n-type semiconductors which uses electrons as major charge 
carriers. The positive slope for the heterojunctions WO3/SnS2 and Mn-WO3/SnS2 
NPs further inferred the formation of n-n type heterojunction system. Upon 
introduction of Mn2+ and formation of heterojunction, there was no significant change 
on the slope of the curves. 
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Figure 4.13: Mott-Schottky plots of (a) WO3, (b) Mn-WO3, (c) SnS2, (d) WO3/SnS2 
and (e) Mn-WO3/SnS2 vs. (Ag/AgCl). 
 
The flat-band potential (Vfb) was obtained by extrapolating a line on the slope of the 
graph to the x-intercept (1/C2=0). The flat-band potentials were found to be 0.214 V, 
0.159 V, -0.209 V, -0.103 V and -0.039 V corresponding to WO3, Mn-WO3, SnS2, 
WO3/SnS2 and Mn-WO3/SnS2 respectively.  
 
The flat-band potential in n-type semiconductors correspond to the bottom of the 
conduction band of the semiconductor photocatalyst, which were observed to 
decrease upon doping and formation of heterojunction (Figure 4.13(a)-(e)). The 
obtained flat-band potential values correspond to the calculated conduction band 
edges potentials from UV-Vis DRS (Figure 4.8). 
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4.2.9 FTIR analysis 
 
This technique was employed to investigate the impurities and functional groups 
present in the nanomaterials and those brought by doping on the crystalline quality 
structure of the semiconductor material. Structural changes and functional groups 
can be observed when Mn2+ ion and SnS2 are introduced in the lattice and as a 
heterojunction, respectively.  
 
The infrared region of 1400-600 cm-1 in Figure 4.14(a) spectrum correspond to W-
O stretching, bending and lattice mode of WO3.  Figure 4.14(a) shows WO3 
spectrum with peaks at wavenumbers around 709, 814, 947 and 1051 cm-1 
corresponding to O-W-O bridging mode (Abhudhahir & Kandasamy, 2015). 
Furthermore, the peak at 1637 cm-1 correspond to W-OH vibrations.  
 
In Mn doped WO3, the peak at 711 cm-1 and 816 cm-1 observed on Figure 4.14(b) 
slightly shifted to a higher wavenumber, this was due to crystalline size reduction 
when Mn2+ was intrinsically doped in the WO3 lattice structure. The formed 
heterojunction between the two photocatalysts was analyzed and Figure 4.14(d) 
spectrum display peaks arising from both WO3 and SnS2 with a shoulder peak at 
688 cm-1 corresponding to Sn-S vibrations.  
 
Furthermore, the Mn doped WO3/SnS2 spectrum in Figure 4.14(c) shows peaks 
corresponding to WO3 and SnS2 peaks with a Sn-S vibration demonstrated as a 
shoulder peak at 688 cm-1 and slight peak shift to higher wavenumber which were 
ascribed to the effects imposed by Mn2+ ion and the formation of a heterojunction 
with SnS2 as showed in Figure 4.14(a) and 4.14(e).  
 
Moreover, Figure 4.14(e) illustrates FTIR spectrum corresponding to SnS2 
hexagonal phase with peak at 685 cm-1, 1620 cm-1 and 3398 cm-1 corresponding to 
Sn-S, Sn-OH and O-H groups, respectively. 
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Figure 4.14: FTIR spectra of (a) WO3, (b) Mn-WO3, (c) WO3/SnS2, (d) Mn-
WO3/SnS2, and (e) SnS2. 
 
4.2.10 Thermal Gravimetric Analysis (TGA) 
 
The thermal stability of the nanomaterials was studied using thermal gravimetric 
analysis coupled to differential scanning calorimetry under constant gas supply. 
Figure 4.15 depicts the TGA curves and their derivatives for our nanomaterials. In 
Figure 4.15(a) indicates the TGA curve for WO3 showing weight loss of 1.3wt% at 
temperature range from 100ºC to 300ºC corresponding to loss of surface adsorbed 
water molecules. Furthermore, 1.5wt% weight loss was observed at range of 
temperatures from 350ºC to 550ºC corresponding to evolution of intercalated 
oxygen molecules. 
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The observed 4% weight loss between 200 – 290C for pristine SnS2 was 
suggestive of the loss of adsorbed water molecules as depicted in (Figure 4.15(b)). 
Further weight loss at temperatures from 300ºC to 650ºC corresponding to oxidation 
of Sn-S bond to Sn-O bond.  
 
Upon Mn2+ ion introduction in Figure 4.15(c), the weight loss of 0.8wt% (chemically 
bonded water molecules) was observed in temperature range from 100ºC to 250ºC. 
Later observed 2.4wt% weight loss corresponding to oxygen molecules evolution 
from 300ºC to 550ºC.  
 
Figure 4.15(d) illustrates the TGA curve of WO3/SnS2 and its derivative. The TGA 
displays a 52% weight loss corresponding to chemically bonded water molecules 
from 100ºC to 280ºC temperature range. A smooth weight loss is observed at 
temperature ranges from 300ºC to 550ºC corresponding to oxidation of SnS2 to 
SnO2. 
 
 Figure 4.15(e) depicts a TGA curve and its derivative for Mn-WO3/SnS2. Mn-
WO3/SnS2 had weight loss of 8% corresponding to chemically bonded water 
molecules. Further weight loss is observed at temperatures ranging from 200ºC to 
400ºC. The peak between 500ºC to 600ºC correspond to further oxidation of Sn-S, 
by evolving 30% Sulphur molecules. Furthermore, at 600ºC is the WO3 onset 
temperature, which indicates the breaking down or loss of W-O oxygen which 
amount to 12% weight loss. 
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Figure 4.15: Thermal stability spectra of (a) WO3, (b) SnS2, (c) Mn-WO3, (d) 
WO3/SnS2, and (e) Mn-WO3/SnS2. 
 
4.2.11 Surface area and pore volume Analysis 
 
The surface area and pore volume measurements suggest that the nanomaterials 
could be characterized as type IV isotherm as illustrated in Figure 4.16(a). A type 
IV isotherm with H1 hysteresis loop is mesoporous, suggesting that the 
nanomaterials consist of agglomerates.  
 
The surface area of WO3 was 6.01 m2/g, which was reduced by doping with Mn2+ to 
4.41 m2/g. The reduced surface area was due to the stress induced by larger size 
atom (Mn) on the unit cell, therefore, the cell reduces its size to compensate the 
stress, thus reducing the surface area.  
 
The Mn-WO3/SnS2 nanoparticles had the highest surface area (77.14 m2/g) and 
pore volume (0.0641 cm3/g) compared to all WO3 containing nanomaterials (Table 
2) and (Appendix 2-4). The surface area enhancement was due to the incorporation 
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of SnS2 during the formation of the heterojunction. This is because SnS2 NPs are 
porous adsorbents illustrated by H2 hysteresis loop (Appendix 5).  
 
 
Figure 4.16: (a) N2 adsorption-desorption isotherm and (b) pore volume graph of 
WO3. 
 
The high surface area was due to Mn ion reducing the crystalline size and SnS2 
which will lead to improved photocatalytic activity of Mn-WO3/SnS2. This is due to 
adsorption capacity provided by its high surface area and large pore volume which 
amount to efficient pollutant trapping during adsorption for degradation to take place. 
Furthermore, high surface area allows the nanomaterials to interact with pollutants 
at very low concentration. 
 
Table 4.1: The Surface area and Pore Volume of NPs. 
Material 
 
 
SBET (m2/g) Pore Volume 
(cm3/g) 
WO3 6.01 0.0276 
Mn-WO3 4.41 0.0294 
WO3/SnS2 44.36 0.0514 
Mn-WO3/SnS2 77.14 0.0641 
Pristine SnS2 99.72 0.0748 
  
(a) (b) 
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4.3 Conclusion 
The Mn doped WO3/SnS2 was successfully synthesized resulting in a high 
crystalline structure. The composite shown rectangular rods and sheets like shapes 
for both heterojunction photocatalysts. The composite comprises of both hexagonal 
and monoclinic phases that corresponds to SnS2 and WO3 respectively as 
confirmed by XRD patterns and Raman spectra. The band gap shifts were displayed 
in the composite using UV-Vis and red-shift was observed more in the visible region 
compared to the pristine photocatalysts. The surface area of the WO3 was improved 
more than 10 times by intrinsic doping with Mn2+ ion and formation of the 
heterojunction with SnS2 to form Mn-doped WO3/SnS2 photocatalyst. The Mn doped 
composite was fully characterized using microscopic and spectroscopic techniques 
which confirmed the synthesized composite to be Mn-WO3/SnS2. The Mn-doped 
WO3/SnS2 showed good electrochemical performance ascribed to its high current 
density and less interfacial charge resistance observed using electrochemical 
measurements, which correspond to high charge separation and low 
photogenerated charge recombination rate observed using photoluminescence 
measurements.  
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CHAPTER 5 
PHOTODEGRADATION OF CHLORPYRIFOS USING Mn-DOPED 
MULTI-COMPONENT WO3/SnS2 HETEROJUCTION 
PHOTOCATALYST IN WATER. 
5.1. Introduction 
 
Organophosphate pesticides have been used extensively in South Africa and the 
world at large due to their ability to combat a vast spectrum of pests. Chlorpyrifos is 
an organophosphate compound which is used widely as pest control in agriculture 
and domestically for termites (Glynnis et al. 2012). 
 
Chlorpyrifos (O,O-diethyl O-[3,5,6, -trichloro-2-pyridyl] phosphorothionate) (CPF) is 
an organophosphorus pesticide extensively used in agricultural and domestic 
applications (Gao et al. 2017). Chlorpyrifos agricultural application occurs 
throughout the year to variety of fruits and vegetables. It however, does not readily 
dissolve in water yet adsorb strongly to soil particles.  
 
It is an enzyme acetylcholinesterase inhibitor and persistent pesticide pollutant. It is 
class II (moderately hazardous pesticide) pollutant, with half-life of 60 days (Ismail 
et al. 2013). The pesticide is toxic to humans and other animals when ingested or 
inhaled, these is attributed to its lipophilic nature. Chlorpyrifos causes delayed 
peripheral neuropathy in humans, and badly affect the neuro-development in 
children at high dose (Silvia & Barceló, D. 2006). 
 
The most vulnerable people to chlorpyrifos toxicity are children because of their 
affection to play and eat everything (Silvia & Barcelo, D. 2006). Various ways 
children may be exposed to chlorpyrifos include unsafe use in homes by parents in 
quest to protect them from mosquitos, cockroaches or rodents and in schools and 
playgrounds, green areas to destroy weeds. 
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Signs of chlorpyrifos toxicity include headache, nausea, vomiting, diarrhea, 
abdominal cramps and tumor together with reproductive system disturbance in 
humans (Sharma et al. 2016). 
Due to numerous human and environmental effects caused by chlorpyrifos, different 
ways to remove this pesticide in the environment were implemented. Those include 
advanced oxidation processes, biological treatment (fungal and bacterial strains) 
(Chen et al. 2012, Gupta, et al. 2015).  
 
Bacterial strain such as displayed high chlorpyrifos removal in water of up to 98% 
(Chen et al. 2012). Though as efficient as it is, the method is strenuous as bacteria 
require controlled specific conditions such as pH, temperature and a host for optimal 
function. On the other hand, Ismail et al. 2013 reported the use of advanced 
oxidation processes (AOPs) that yield 100% removal of chlorpyrifos by using 60Co 
γ-rays of 30-575 Gy (Ismail et al. 2013). 
Although γ-rays are harmful for human health, therefore, this led to implementation 
of a better and safer method requiring the use of photocatalyst to degrade 
chlorpyrifos under visible light. So far, zinc and titanium oxides have been used to 
degrade chlorpyrifos. The results were satisfying with up to 95% for TiO2 and 85% 
for ZnO chlorpyrifos removal under UV light (Fadaei & Kargar 2013). The 
photocatalysts suffer from charge recombination and the use of UV light is not viable 
due to insufficient amount of UV available (4%). 
 
This chapter present the use of metal doped heterojunction with high charge transfer 
and separation, created to combat the charge recombination, an enemy of effective 
photocatalytic activity. The composite also absorbs visible light, the naturally 
abundant light in the solar spectrum. It is to the best of our knowledge, degradation 
of chlorpyrifos using Mn-WO3/SnS2 has not been reported elsewhere. 
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5.2. Results and Discussion 
5.2.1 Surface charge of nanoparticles 
 
The stability of the nanomaterials in suspensions was studied using electrophoretic 
light scattering technique. The zeta potentials of the nanomaterials are illustrated in 
Figure 5.1. A steady but gradual change of zeta potential was observed from 
positive to negative as pH increased from 2 to 11 for all photocatalysts (Figure 5.1).  
 
The point of zero charge (pzc) for pristine WO3 was observed at pHpzc 2.51 which 
agrees to what is reported by Simelane et al. 2016.  
 
A slight shift of the pzc to higher pH was observed for Mn-WO3 (pHpzc=3.15). The 
shift is due to the substitution of W6+ by Mn2+ metal ions, consequently changing the 
overall charge of the material. Therefore, adsorbed species onto the surface of the 
photocatalyst change the surface charge and shift the point of zero charge of the 
suspended nanoparticles. The point of zero charge for pristine SnS2 was found to 
be at pH 5.53 as reported in literature.  
 
Furthermore, the heterojunction (WO3/SnS2) displayed point of zero charge (2.67) 
at lower pH than SnS2 but higher than WO3, this was attributed to synergistic effects 
by both counterparts (WO3 and SnS2) in the heterojunction.  
 
Furthermore, introduction of Mn in the heterojunction (Mn-WO3/SnS2) shifted the 
point of zero charge to 2.13, way lower than all other photocatalysts.   
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Figure 5.1: Surface charge of the nanoparticles 
 
5.2 Photodegradation of chlorpyrifos in synthetic samples 
5.2.1 Photocatalytic degradation of chlorpyrifos 
 
Photodegradation of chlorpyrifos using the synthesized nanoparticles is showed in 
Figure 5.2. The degradation profile of chlorpyrifos indicated an increase in removal 
by the nanoparticles from WO3 to Mn-WO3/SnS2 photocatalysts. Degradation using 
pristine WO3 and SnS2 was alluded to more positive VB than chlorpyrifos and more 
charge mobility respectively. The increased chlorpyrifos removal in doped and 
heterojunction materials was due to charge separation and more reactive sites 
provided by SnS2 and Mn respectively. The Mn-WO3/SnS2 nanoparticles showed 
high removal of chlorpyrifos due to high charge separation and less charge 
impedance. Therefore, Mn-WO3/SnS2 displayed the best performing photocatalyst 
with up to 95.90% chlorpyrifos removal calculated using Equation 3.5. 
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Figure 5.2: Degradation of chlorpyrifos (1000 ppb) using the different 
photocatalysts at pH=5.8 and 0.1 g photocatalyst. 
 
Figure 5.3 display the percentage removal of chlorpyrifos in water within a period of 
60 minutes. The removal efficiency of chlorpyrifos by using the nanoparticles 
resulted in 56.80%, 60.20%, 75.00%, 84.88% and 95.90% for WO3, Mn-WO3, SnS2, 
WO3/SnS2 and Mn-WO3/SnS2 respectively.  
 
Corresponding to percentage chlorpyrifos removal is the reaction kinetics presenting 
the rate constant (K) of the reaction using the respective photocatalysts (Figure 5.4) 
was 9.3x10-3 M-1min-1 to 209x10-3 M-1min-1 for WO3 and Mn-WO3/SnS2 respectively.  
 
The photodegradation reaction was fitted to Equation 3.6 from which the rate 
constant k(M-1min-1) was calculated from the gradient of the plot of 1/[C] against time 
(t). The reaction kinetics which lead to determination of rate constant followed a 
second order reaction pathway. 
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Figure 5.3: Percentage removal of chlorpyrifos (1000 ppb) using 0.1 g of (A) WO3, 
(B) Mn-WO3, (C) SnS2, (D) WO3/SnS2 and (E) Mn-WO3/SnS2. 
 
The rate constants were 9.3x10-3 M-1min-1, 14.3x10-3 M-1min-1, 25.0x10-3 M-1min-1, 
47.4x10-3 M-1min-1 and 209.5x10-3 M-1min-1 corresponding to WO3, Mn-WO3, SnS2, 
WO3/SnS2 and Mn-WO3/SnS2 respectively (Figure 5.4). 
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Figure 5.4: Rate constants of (A) WO3, (B) Mn-WO3, (C) WO3/SnS2, (D) Mn-
WO3/SnS2 and (E) SnS2. 
 
The linear plot for Mn-WO3/SnS2 nanoparticles kinetic studies is illustrated in Figure 
5.5. The rate constant is 209.5x10-3 M-1min-1 and R2 is 0.9656. 
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Figure 5.5: Photodegradation kinetics of chlorpyrifos using Mn-WO3/SnS2. 
 
5.2.2.2 Effect of pH on photocatalytic activity of Mn-WO3/SnS2 on the 
degradation of chlorpyrifos 
 
Surface charge of the nanoparticles in a suspension is influenced by the pH of the 
solution. Photodegradation of chlorpyrifos using Mn-WO3/SnS2 nanoparticles 
increased with an increase in the pH of the initial solution as illustrated in Figure 
5.6. The point of zero charge for Mn-WO3/SnS2 is at pHpzc= 2.13 and above that is 
increasingly negative displayed by Equation 5.2. 
 
M-OH + H+ = M-OH2+ (pH<PZC)     5.1 
M-OH = M-O- + H+  (pH>PZC)     5.2 
 
The increase in the removal was also caused by the increase in level of 
deprotonation of the nanoparticles at high pH that influence the negative charge on 
the surface of the photocatalyst, consequently leading to high chlorpyrifos 
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adsorption. That was also favored by positive charge of chlorpyrifos in alkaline 
solutions from pH 5.8 as reported in literature. There is a transfer of holes from the 
inner part of the nanoparticles to the surface, whereby OH- scavenge 
photogenerated holes and therefore yield very oxidative species such as •OH 
radicals. The percentage removal of chlorpyrifos obtained in 60 minutes was 85.6%, 
94.3%, 99.8% and 99.0% at pH 3, pH 5.8, pH 7 and pH 9 respectively (Figure 5.6). 
Therefore, pH 7 was the optimum pH for chlorpyrifos removal using Mn-WO3/SnS2 
nanoparticles and was used in the next sections. Hou at al. 2018 also reported pH 
7 for optimum chlorpyrifos removal (Hou et al. 2018). 
 
The increase in the removal was due to the increased electrostatic attraction 
between the photocatalyst and the chlorpyrifos that occurs when pH was increased 
(Fadaei & Kargar 2013). This causes an easy surface attachment which implies that 
holes can oxidize chlorpyrifos directly and creates hydroxyl and superoxide radicals 
for further oxidation. As pH increased also the surface charge of the nanoparticles 
became more negative, which caused increased electrostatic attraction between the 
nanoparticles and chlorpyrifos.  
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Figure 5.6: Degradation of 1000 ppb chlorpyrifos using 0.1 g of Mn-WO3/SnS2 at 
different pH values. 
 
5.2.2.3 Effect of initial CPF concentration on the removal of chlorpyrifos 
 
The effect of initial chlorpyrifos concentration on the photocatalytic removal was 
studied and results showed in Figure 5.7. The highest removal of 99.99% was 
achieved at 100 ppb of chlorpyrifos concentration, followed by 1000 ppb at 99.95% 
compared to 94.40, 87.51 and 84.38% of 5 ppm, 10 ppm and 20 ppm respectively. 
the 1000 ppb was chosen as the best, because it is the highest concentration that 
achieved high percentage removal.  
 
The decrease in the removal of chlorpyrifos was alluded to opacity caused by the 
high chlorpyrifos concentration, which unable the photocatalyst from utilizing the 
irradiated light to produce reactive species for degradation. Again, the high 
concentration scatters the light, therefore inducing the screening effects (Fadaei & 
Kargar 2013). 
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Figure 5.7: Effect of initial concentration on the removal of chlorpyrifos (1000 ppb) 
at pH 7 using 0.1 g Mn-WO3/SnS2. 
 
5.2.2.4 Effect of initial photocatalyst loading on the removal of chlorpyrifos 
 
Initial photocatalyst loading effect on the photoactivity was studied and the results 
are presented in Figure 5.8. The photoactivity of Mn-WO3/SnS2 increased when 0.5 
g photocatalyst was used, then decreased when the photocatalyst loading was 1 g. 
The decrease is a result of particle aggregation caused by high amount of the 
photocatalyst (Fadaei & Kargar 2013).  
 
Therefore, the nanoparticles caused light scattering and screening effects which 
reduce the specific activity of the photocatalyst. High concentration of nanoparticles 
also cause opacity, which prevents further illumination of the photocatalyst. This 
resulted in a decrease in chlorpyrifos removal when 2 g of Mn-WO3/SnS2 was used 
reaching up to 85%. Compared to 0.1 g, 0.5 g, and 1 g removing up to 99.95%, 
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99.98% and 99.99% respectively. 1 g was the best performing as it reached 98% 
removal within 30 minutes of reaction time. 
 
Figure 5.8: Effect of initial photocatalyst loading on the photodegradation of 
chlorpyrifos. 
 
5.2.2.5 Degradation and mechanistic pathway 
 
The mechanistic and proposed degradation pathway was evaluated, and the results 
were tabulated in Table 5.1 and Figure 5.9. The products obtained were 3,5,6-
trichloropyridin-2-ol (TCP) and O,O-dihydrogen phosphorothioite. Chlorpyrifos peak 
disappear after 30 minutes of the reaction, leaving its major degradation by-product 
(TCP) and O,O-dihydrogen phosphorothioite.  
 
After 60 minutes the chlorpyrifos and TCP peaks do not appear, only O,O-
dihydrogen phosphorothioite peak and no other by-product, which implies that there 
is a complete degradation of chlorpyrifos TCP in the synthetic water. 
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Table 5.1: Major photodegradation by products of chlorpyrifos obtained in 60 
minutes.  
 
Degradation 
product 
Product m/z Structure of product 
 
Chlorpyrifos 351.70 
 
3,5,6-
Trichloropyridin-2-
ol 
199.85 
N OH
Cl
Cl
Cl
 
 
O,O-dihydrogen 
phosphorothioite 
97.00 S
P
OHHO  
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Figure 5.9: Proposed degradation pathway of chlorpyrifos 
 
5.3 Conclusion 
 
Chlorpyrifos have been applied extensively in agriculture, both in South Africa and 
other parts of the world to fight against pests, therefore, find its way into water 
systems. Chlorpyrifos removal in synthetic water was investigated using Mn-
WO3/SnS2 nanoparticles. The removal was due to enhanced charge separation, 
high charge transfers and high electrostatic attraction between the nanoparticles 
and chlorpyrifos.  
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Mn-WO3/SnS2 nanoparticles resulted in 94% removal whereas, WO3, SnS2, Mn-
WO3 and WO3/SnS2 resulted in 56.8%, 75%, 60.2% and 84.9%. Factors which may 
impact on the degradation of chlorpyrifos were also studied such as pH, initial 
photocatalyst loading and initial chlorpyrifos concentration. From the results 
obtained, pH 7, 1 g Mn-WO3/SnS2 and 1000 ppb were the optimum conditions which 
resulted in 99.99% chlorpyrifos removal.  
 
The degradation pathway was also investigated, whereby 3,5,6-trichloropyridin-2-ol 
and O,O-dihydrogen phosphorothioite were observed. Furthermore, after 6o 
minutes of the reaction, only O,O-dihydrogen phosphorothioite was detected. This 
implies that both chlorpyrifos and TCP were completely degraded. The results 
suggest that our material, Mn-WO3/SnS2 can completely degrade chlorpyrifos and 
its major degradation product.  
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CHAPTER 6 
CONCLUSION AND RECOMMENDATIONS 
6.1. Conclusion  
 
Conclusions were made based on the aim and objectives followed in this study that 
it was successful. The following conclusions were drawn: 
The nanoparticles were successfully prepared via a hydrothermal method and 
characterized using XRD, HRTEM, Raman to be WO3, SnS2, Mn-WO3, WO3/SnS2 
and Mn-WO3/SnS2. Their optical and electrochemical properties were also studied 
using UV-Vis-DRS, EIS and PL.  
 
A manganese-doped tungsten trioxide/tin disulphide (Mn-WO3/SnS2) heterojunction 
composite obtained as a mixture of monoclinic and hexagonal phases and average 
crystallite size of 40 nm. It also displayed improved/enhanced visible light absorption 
(582 nm from 466 nm of WO3) and low emission peak corresponding to low charge 
recombination.  
 
Furthermore, EIS spectra illustrated small semi-circle diameter corresponding to 
less electrode-electrolyte charge transfer resistance of Mn-WO3/SnS2 compared to 
other nanoparticles. This was alluded to Mn doping acting as electron sink and 
formation of heterojunction with SnS2 which further assisting in charge separation.  
 
The crystalline rectangular sheets and rods morphology of the nanoparticles was 
revealed by FESEM and HRTEM. Doping with Mn and SnS2 did not distort the 
nanoparticles morphology. The surface area increased from 6 m2/g of WO3 to 77 
m2/g. The nanoparticles were found to be mesoporous with pore volumes ranging 
from 0.0276 to 0.0748 observed through BET analysis. 
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Zeta potential measurements showed point of zero charge in the pH range of 2.21 
to 5.53. Mn-WO3/SnS2 had the lowest point of zero charge of pH 2.21, due to the 
contributing charge effects brought by Mn and SnS2. In all the nanoparticles, the 
surface charge gradually increased to more negative with an increase in pH from 2 
to 11. 
 
The photocatalytic activity of the nanomaterials was evaluated through 
photodegradation of organophosphate pesticide in synthetic water samples. Mn-
WO3/SnS2 displayed high photodegradation of chlorpyrifos achieving 95% removal 
within 60 minutes. This was outstanding compared to the 56% removal achieved 
using WO3 nanoparticles. Other nanoparticles achieved 65, 75 and 85% for Mn-
WO3, SnS2 and WO3/SnS2. 
 
Therefore, the best performing Mn-WO3/SnS2 nanoparticles was used to optimize 
conditions such as pH, initial chlorpyrifos concentration and initial photocatalyst 
loading. The optimized conditions were as follows: pH 7, initial chlorpyrifos 
concentration of 1000 ppb and initial photocatalyst loading of 1 g. The percentage 
removal of chlorpyrifos under optimum conditions using Mn-WO3/SnS2 achieved 
100% within 60 minutes.  
 
Furthermore, the reaction kinetics illustrated a second order kinetics with reaction 
rate of 0.209 M-1s-1. The degradation pathway deduced from the results showed that 
TCP is the major degradation by product which further degrade to innocuous 
substances. This resulted in a complete degradation of chlorpyrifos and its major 
degradation by product TCP within 60 minutes. 
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6.2. Recommendations 
 
From the study, gaps have been identified for future research and development such 
as: 
Identifying the major degradation species responsible for oxidation of chlorpyrifos 
using scavengers. 
Degradation of chlorpyrifos in a more complex matrix (real samples) such as river 
water and/or wastewater should be conducted to evaluate the nanoparticles 
efficiency in removing chlorpyrifos. Furthermore, this heterojunction photocatalyst 
system can be used especially by people in the Western Cape where water is 
scarce. However, factors such as colloidal matter, bacterial strains, other organic 
pollutants competition and water opacity must be investigated because they may 
hinder the photocatalytic degradation of chlorpyrifos using the heterojunction 
photocatalyst. After all conditions optimized, the heterojunction photocatalyst can be 
incorporated into the chemical process chamber of the wastewater treatment plant 
to assist in water treatment. 
 
A study should be conducted to evaluate the effect of the ratio of the heterojunction 
components in the efficiency of Mn-WO3/SnS2 when the amount of SnS2 or Mn-WO3 
ratio is varied from 10, 20, 30, 40 and 50% m/m in Mn-WO3:SnS2. 
The recyclability and reusability studies to be conducted to check on how long the 
nanoparticles remain efficient. 
Studying the degradation of TCP alone is important due to its high toxicity compared 
to chlorpyrifos. This will specifically determine the fragments leading to a complete 
mineralization. 
 
 
  
 
 
APPENDICES  
Appendix A: Average crystallite size of the materials. 
Table A1 displays the average crystallite sizes of the nanoparticles. 
 
Material Average Crystallite Size 
(nm) 
Pristine WO3 43 
Mn-WO3 40 
Mn-WO3/SnS2 40 
WO3/SnS2 40 
Pristine SnS2 17 
 
Appendix B: Morphology of Mn-WO3. 
 
 
 
Figure (a) FESEM image, (b) EDS spectrum, (c) HRTEM image and (d) SAED 
image of Mn-WO3. 
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Appendix C: STEM images of Mn doped WO3 nanoparticles showing 
distribution of atoms. 
 
 
Figure displays the mapping image for Mn doped WO3 nanoparticles: (a) overall 
mapping, (b) STEM image of Mn-WO3/SnS2, (c) Mn content in the nanoparticles, 
(d) W content, (e) Sn content, (f) S content and (g) O content of in the 
nanoparticles. 
 
Appendix D: The fitted EIS spectra obtained through EC-lab software. 
 
Figure displays the EIS spectra showing the fitted spectra when obtaining the 
Randles circuit for (a) WO3 and Mn-WO3 (b) SnS2, WO3/SnS2 and Mn-WO3/SnS2. 
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Appendix E: BET surface area of the nanoparticles with their respective pore 
volume graphs. 
 
 
 
Figures ((a)-(d)) represent graphs of BET surface area and ((e)-(h)) represents the 
respective pore volume graphs of SnS2, Mn-WO3, WO3/SnS2 and Mn-WO3/SnS2. 
 
Appendix F: Chlorpyrifos calibration curve. 
 
 
 
 
The figure displays the calibration curve of chlorpyrifos from 3.125 to 75 ppb. 
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Appendix G: Chlorpyrifos chromatogram. 
 
 
 
Figure illustrates chlorpyrifos chromatogram with retention time of 6.25 minutes in 
formic acid. 
 
Appendix H: Mass spectra showing by-products and their respective m/z 
values during the reaction period. 
 
 
 
This figure displays mass spectra showing m/z ratios from 0 to 60 minutes. 
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Appendix I: Reaction kinetics graphs of the photocatalysts. 
 
 
 
This graph shows the fitted second order kinetics graph for the nanoparticles. 
 
